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Chapter1 The Mechanism of Lens Placode Formation and the
Importance of Placode Formation in Lens Invagination

Abstract

Although placodes are ubiquitous precursors of tissue invagination, the mechanism
of placode formation and its importance for invagination are unclear. We tested the
“restricted expansion hypothesis” of lens placode formation by conditionally deleting the
transcription factor, Pax6, or the matrix component, Fibronectin1 (Fn1). Deletion of
Pax6 from the lens-forming ectoderm prevented placode formation without altering cell
proliferation or volume. Pax6CKO ectoderm expanded, rather than being constrained to a
constant area, as normally occurs during lens placode formation, and expressed lower
levels of transcripts encoding several extracellular matrix components. Deletion of Fn1,
which is required to organize the extracellular matrix, prevented lens placode formation.
Consistent with the “restricted expansion hypothesis,” Fn1CKO ectoderm expanded, rather
than being constrained. Ectoderm cells of Fn1CKO embryos expressed markers of lens
induction, reorganized their cytoskeleton as in wild type ectoderm, but did not invaginate.
These results suggest that placode formation establishes the minimal mechanical
1

requirements for tissue invagination.
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Introduction

The formation of epithelial placodes is a recurring theme in morphogenesis. Placode
formation is the first step in the formation of ectodermally-derived sensory structures,
including the vertebrate central nervous system and sensory ganglia, ectodermal
appendages, like hairs, scales and feathers, mammary glands, the insect tracheal system,
the eye lens, the inner ear and many others. Soon after their formation, placodes
invaginate or involute, transforming surface epithelia into internal structures. Given their
widespread participation in epithelial morphogenesis, it seems possible that placode
formation is an essential precondition for these critical morphogenetic events. In spite of
the ubiquity and potential importance of placodes in morphogenesis, the cellular
mechanisms underlying their formation have rarely been explored and the requirement of
placode formation for subsequent epithelial morphogenesis has not been tested.

Lens formation from surface ectoderm and the transformation of the optic vesicle
into optic cup are the major morphogenetic events of eye formation. In mouse embryos,
the morphogenesis of the eye commences on embryonic day 9 (E9), when the neural
epithelium of the ventral forebrain evaginates to form the bilateral optic vesicles. The
3

optic vesicles soon contact and adhere to the head surface ectoderm on each side of the
embryo (Fig. 1A). At the contact areas, the surface ectoderm thickens, forming the lens
placodes (Fig. 1B). After a lens placode forms, it and the prospective retina invaginate,
giving rise to the lens pit and optic cup. The lens pit subsequently separates from the
surface ectoderm to form the lens vesicle, which differentiates into the lens. The optic
cup differentiates into the retina, ciliary epithelium, iris and retinal pigment epithelium.

The cellular processes required for the formation of the lens placode have been
studied most extensively in chicken embryos. Lens placode formation involves the
transformation of the prospective lens ectoderm cells from a cuboidal to columnar shape;
the cells do not multilayer (Zwaan and Hendrix 1973). At the time of lens placode
thickening, cell density increases in the placodal ectoderm, compared to the surrounding
non-placodal ectoderm (McKeehan 1951). In the chicken embryo, the mitotic index and
the tritiated thymidine labeling index within and outside the forming placode is similar
and the cell volume remains constant, suggesting that the placodal ectoderm does not
thicken due to a local increase in cell proliferation or volume (McKeehan 1951; Zwaan
and Pearce 1971). Zwaan and co-workers also noted that the contact area between the
surface ectoderm and optic vesicle remained constant during placode formation and that
4

the extracellular matrix between the tissues increased after their contact (Zwaan and
Pearce 1971; Zwaan and Hendrix 1973; Hendrix and Zwaan 1975). Based on these
observations, they hypothesized that the adhesion between the optic vesicle and the
overlying ectoderm, mediated by the extracellular matrix, prevented the expansion of the
lens territory. With continued cell proliferation, the restriction in expansion mediated by
the interfacial matrix led to cell crowding, resulting in cell elongation and placode
formation (Hendrix and Zwaan 1975). We refer to this as the “restricted expansion”
model of placode formation.

In agreement with the restricted expansion model, the insertion of a cellophane sheet
into the space between the surface ectoderm and optic vesicle blocked their contact and
prevented lens placode thickening (McKeehan 1951). In addition, the surface ectoderm
thickened precociously or ectopically when the head ectoderm was ligatured with a fine
hair prior to placode formation, even outside of the prospective lens-forming ectoderm,
an observation that is consistent with the restricted expansion model (Wakely 1984).
However, other studies found that insertion of agar sheets between the optic vesicle and
surface ectoderm or culture of the ectoderm on a Millipore filter did not prevent lens
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placode morphogenesis, suggesting that adhesion between these tissues may not be
required for lens formation (McKeehan 1958; Muthukkaruppan 1965).

In the present study, we analyzed lens placode formation in the mouse embryo,
where lens formation was prevented by conditional deletion of the transcription factor,
Pax6. This permitted the genetic dissection of the events associated with lens placode
formation and testing of the restricted expansion model of Zwaan and co-workers.

6

Materials & Methods

Genotyping and tamoxifen injection. All animals were treated in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and with the
approval of the Animal Studies Committee of the Washington University School of
Medicine. Mice expressing Cre recombinase in the surface ectoderm (Le-Cre), or optic
vesicle (Rx-Cre) and tamoxifen-inducible Cre (CAGG-CreERTM) were described
previously (Ashery-Padan, Marquardt et al. 2000; Hayashi and McMahon 2002; Swindell,
Bailey et al. 2006). Fn1fx/fx mice were reported in previous studies (Sakai, Johnson et al.
2001). Noon of the day when the vaginal plug was detected was considered embryonic
day (E) 0.5 of development. For animals carrying the Le-Cre transgene, matings between
mice that were homozygous for the floxed allele in which the female was also
Cre-positive, resulted in litters in which about half of the offspring were Cre-positive
(conditional knockout; CKO), the others were Cre-negative (wild type; WT). For
tamoxifen-inducible Cre, matings were between the Fn1fx/+, CAGG-CreERTM and Fn1fx/fx
mice. The Fn1fx/+, CAGG-CreERTM was the control for potential tamoxifen toxicity, as
described previously (Naiche and Papaioannou 2007). Total doses of 7.2mg/40kg
tamoxifen were injected intraperitoneally into pregnant dams at E8.5 and E8.75. Embryos
7

were collected at the desired stages (n=3 to 5 for each genotype and stage).

Histology. Embryo heads were fixed in 4% paraformaldehyde/PBS overnight at 4°C,
dehydrated through a series of ethanol concentrations, embedded in paraffin and
sectioned at 4 μm. For morphological studies, sections were stained with hematoxylin
and eosin (Surgipath, Richmond, IL, USA). Cell volume was determined by dividing the
average cell area (µm2) by the number of nuclei from sections of E9.5 embryo heads
using the Spot camera software (Spot Diagnostic Instruments, Sterling Heights, MI). Cell
density was determined by counting the number of nuclei per 50 µm length of the
ectoderm. To analyze the thickness of the placode, 5 equidistant points were marked
along the length of the placode and the height of the tissue was measured at those points.
The extent of contact between the surface ectoderm and the optic vesicle was measured in
serial sections through the area of contact.

TUNEL, EdU and BrdU labeling. Terminal deoxynucleotidyl transferase
(TdT)-mediated deoxyuridine triphosphate nick end-labeling (TUNEL) was done with an
Apoptag kit (Chemicon, Temecula, CA). The deparaffinized slides were treated with 3%
H2O2 in methanol for 30 min, followed by proteinase K treatment (20 µg/ml) for 15 min.
8

Slides were incubated with TdT enzyme in equilibration buffer for 1 hr at 37° C. The
reaction was terminated with wash buffer provided by the manufacturer for 10 min at RT
and then incubated with anti-digoxigenin-peroxidase conjugate for 30 min at RT,
followed by DAB + H202 treatment. Slides were counterstained with hematoxylin.

For BrdU staining, pregnant females were injected with 50 mg/kg of body weight of
10 mM BrdU (Roche, Indianapolis, IN) and 1 mM 5-fluoro-5 -deoxyuridine (Sigma, St.
Louis, MO) and sacrificed after 1 hr. A monoclonal anti-BrdU antibody (1:250) (Dako,
Carpinteria, CA) was used with a Vectastain Elite Mouse IgG ABC kit as described above.
Sections were counterstained with hematoxylin.

For EdU staining, pregnant females were injected intraperitoneally with 100 µg of
5-ethynyl-2’-deoxyuridine (EdU) (Invitrogen, Carlsbad, CA) one hr prior to death.
Embryos were fixed and sectioned as above. EdU was detected with AlexaFluor
488-azide using a Click-iT™ Kit for one hr according to manufacturer’s instructions
(Invitrogen). Total nuclei were counterstained with DRAQ-5 (1:1,000; Biostatus Limited,
Shepshed, Leicestershire, UK) for 30 min at RT in 1X PBS. Sections were rinsed in 1X
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PBS and viewed using a Zeiss 510 confocal microscope (Carl Zeiss Microimaging, Inc.,
Thornwood, NY,).

Immunostaining on paraffin sections. Embryos were fixed as described above,
embedded in 5 % agarose, processed and embedded in paraffin, sectioned at 4 μm,
deparaffinized and rehydrated. Endogenous peroxidase activity was inactivated with 3%
H2O2 in methanol for 30 min at RT for those samples that would be treated for
horseradish peroxidase (HRP). Epitope retrieval was performed in 0.01 M citrate buffer
(pH 6.0) by placing the slides in a pressure cooker for 3 min. Slides were then incubated
in blocking solution containing 20% inactivated normal donkey serum for 30 min at RT
followed by incubation in primary antibodies overnight at 4° C. Slides were then
incubated for 1 hr at RT either with Alexa-Fluor-labeled secondary antibodies (Molecular
Probes, Eugene, OR) or biotinylated secondary antibodies (Vector Laboratories,
Burlingame, CA). Slides incubated with biotinylated secondary antibodies were treated
with the ABC-peroxidase reagent from Vectastain Elite ABC Kit (Vector Laboratories,
Burlingame, CA) followed by treatment with diaminobenzidine (DAB) (Sigma, St. Louis,
MO) and H202, washed with PBS and counterstained with hematoxylin (Surgipath,
Richmond, IL).
10

Immunofluorescence on thick sections. Embryos were fixed as described above. After
rinsing in PBS, heads were dissected in half, embedded in 4% agarose in PBS and
allowed to set overnight at 4°C. Thick sections (120μm) were cut using a tissue slicer
(Electron Microscopy Sciences, Hatfield, PA). Sections containing the lens placodes were
blocked in 5% normal goat serum, 0.5% Triton-X 100 for permeabilization, and 0.03%
sodium azide for 1 hr at RT and incubated with primary antibodies overnight at 4°C.
After rinsing, sections were incubated with fluorescent labeled secondary antibodies for 1
hr at RT and counterstained with DRAQ-5 (1:1,000; Biostatus Limited, Shepshed,
Leicestershire, UK), a vital, fluorescent DNA dye. Sections were mounted in Vectashield
(Vector Laboratories, Burlingame, CA).

In situ hybridization on frozen sections. Frozen sections were fixed in 4%
paraformaldehyde/PBS, treated with proteinase K (10 μg/ml), post-fixed in 4%
paraformaldehyde/PBS and acetylated in triethanolamine-acetic anhydride solution.
Samples were pre-hybridized in 50% formamide, 5×SSC, 5 mM EDTA, 1×Denhardt's,
100 μg/ml heparin, 0.3 mg/ml yeast tRNA and 0.1% Tween-20, incubated in the same
solution with riboprobes overnight, washed with 0.2×SSC, blocked in 10% lamb serum
and incubated with anti-digoxigenin antibody overnight. The color reaction was
11

developed using NBT and BCIP in the dark. After the reaction was completed, the slides
were washed in PBS, fixed in 4% paraformaldehyde/PBS and mounted in 100% glycerol.
Digoxigenin-labeled riboprobes were synthesized from cDNA generated from RNA
isolated from wild-type E9.5 embryos using the following PCR primer pairs:
Fn1:

5’-gatcggcagggagaaaatgg-3’
5’-tggggtgtggattgaccttg-3’

Vcan:

5’- ctggcacaaattccaaggacag-3’
5’-cgctgaatgaaaccatctttgc-3’

TnC:

5’- ggcagatatggggacaataacc-3’
5’- gcaaggggtaacttccaatgac-3’

Antibodies and dye. The primary antibodies used were anti-phospho Histone H3
(Upstate Biotechnology, Lake Placid, NY) at 1:1000 dilution, anti-Fibronectin1 at 1:1000
dilution (Millipore Corporate, Billerica, MA) anti-αA crystallin at 1:1000 dilution (a gift
from Dr. Usha Andley), anti-Pax6 at 1:500 dilution (Developmental Studies Hybridoma
Bank, Iowa City, IA) and anti-pSmad 1/5/8 at 1:200 dilution (Cell Signaling Technology,
Danvers, MA). Alexa-Fluor labeled phalloidin (Molecular Probes, Eugene, OR) were
used at 1:1000 dilution.
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PAS and Alcian Blue staining. The embryos were subsequently fixed for 16 hr in
Gendre fluid fixative, as previously described (Webster, Silver et al. 1983), then washed
in 80% ethanol twice and routinely prepared for paraffin sectioning.
For Periodic Acid Schiff (PAS) staining, sections were deparaffinized, hydrated to
water, oxidized in periodic acid for 5 min, treated with Schiff’s reagent for 15 min,
washed and mounted in 100% glycerol (Sigma, St. Louis, MO).
For Alcian Blue staining, sections were deparaffinized, hydrated to water, and
stained in Alcian Blue for 30 minutes, and then washed, counterstained with nuclear fast
red,and mounted in 100% glycerol (Sigma, St. Louis, MO).

Imaging. All the brightfield images of lens sections were taken using an Olympus BX60
microscope (Olympus, Melville, NY) and Spot camera (Spot Diagnostic Instruments,
Sterling Heights, MI). The fluorescent images were taken either using a Olympus BX51
with Spot camera or a Zeiss 510 confocal microscope (Carl Zeiss, Thornburgh, NY).

Laser microdissection and microarray analysis. E9.5 or E10.0 embryos were
embedded in OCT and snap frozen on dry ice for 10-15min. 10 µm frozen sections were
transferred to glass PEN foil slides (Leica Microsystems, #11505189). To avoid the
13

separation of the foil and slides, slides were dipped in 70% ethanol at 4°C for 1 min,
washed in RNAase-free water twice for 30 Sec, rinsed in 95% ethanol, and stained in
Eosin Y. Stained samples were washed in 95% ethanol and dehydrated in 100% ethanol
and xylene. The slides were dried and the lens placode or prospective lens ectoderm was
microdissected using a Leica LMD 6000 laser microdissection system. Approximately
50ng of total RNA was extracted from the tissue obtained from one embryo using a
Qiagen RNeasy Microkit (Qiagen#74004). 15 ng of total RNA was amplified into 3-5µg
of cDNA by using Nugen WT-Ovation™ Pico RNA Amplification System (NuGEN
Technologies Inc, #3300-12). cDNA samples obtained from three embryos of each
genotype (biological triplicates) were used to probe Illumina Mouse6 bead microarrays .
Microarray data were analyzed using Illumina Beadstudio 3.0 software.

Explant culture. Pregnant dams were injected with 7.2mg/40kg total amount of
tamoxifen at E8.5 and E8.75 and the embryos were collected at E9.5. Heads were
dissected into halves; one half was cultured in medium supplemented with 10 μM 4-OH
tamoxifen and the other in medium with vehicle (ethanol). Heads were cultured on a
Micropore filter (Costar, #110414) floating on Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 20% fetal bovine serum, 100 μM non-essential amino acids,
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100 units penicillin and 100 μg/ml streptomycin. Tissues were harvested at E11.5, fixed
for 30 min and then used for analysis.

Transmission electron microscopy.

For ultrastructural analysis, developing embyo

eyes were fixed in 2% paraformaldehyde/2.5% glutaraldehyde/ 1% Alcian blue in 100
mM phosphate buffer, pH 7.2 overnight at 4C. Samples were washed in phosphate
buffer and postfixed in 0.5% osmium tetroxide/0.8% potassium ferricyanide/100mM
phosphate for 1 hr at room temperature. Samples were washed in phosphate buffer and
placed in 1% tannic acid/100mM phosphate for 1hr. Samples were then rinsed
extensively in dH20 prior to en bloc staining with 1% aqueous uranyl acetate for 1 hr.
Following several rinses in dH20, samples were dehydrated in a graded series of ethanol
and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a
Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, IL), stained
with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX transmission
electron microscope (JEOL USA Inc., Peabody, MA).

Statistical tests. Unpaired Student’s t-test was performed using GraphPad InStat, Version
3.05.
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Results

Mouse lens placode formation is not associated with increased cell proliferation,
decreased cell death, or increased cell volume. Previous studies showed that lens
placode thickening in chicken embryos is accompanied by an increase in cell density, but
the mitotic index, thymidine labeling index, and cell volume in the placode cells did not
differ from the adjacent, non-placodal tissue (McKeehan 1951; Zwaan and Pearce 1971).
We determined whether the same was true during mouse lens placode formation (Fig. 1A,
B). We found that the cell density was almost twice as high in the lens placode as in the
pre-placodal ectoderm of mouse embryos (Fig. 1C), but the average area per cell in tissue
sections was not different in the pre-placode and placode, indicating that average cell
volume remained constant during placode formation (Fig. 1D). To determine if the cell
crowding that accompanies placode formation is driven by increased proliferation or
decreased cell death, we performed BrdU labeling and TUNEL assays before and during
placode formation. The percentage of BrdU-labeled nuclei was indistinguishable in the
pre-placode ectoderm at E8.5 and the placode at E9.5 (Fig. 1E). The BrdU labeling index
was also similar in the placodal and peri-placodal ectoderm at E9.5 (data not shown).
Instead of a decrease in cell death, we found a greater than 2-fold increase in the TUNEL
16

labeling index in the lens placode compared to the pre-placode ectoderm (Fig. 1F), an
observation confirmed using an antibody against activated caspase-3 (Fig. S2). Similarly,
cell death was more than twice as high in the lens placode as in the adjacent peri-placodal
ectoderm by TUNEL assay or antibody to activated caspase 3 (data not shown). Although
it is not clear why cell death increased during lens placode formation, decreased cell
death is not involved in the increase in cell density that accompanies placode formation.

Pax6 is required for lens placode formation. Conditional deletion of the transcription
factor, Pax6, demonstrated that it is required in the surface ectoderm for lens formation
(Ashery-Padan, Marquardt et al. 2000). However, the extent of placode thickening was
not measured in this study. Therefore, we measured the thickness of the surface ectoderm
in Pax6LeCre- (wild type; WT), Pax6fx/+; LeCre+ (lens ectoderm-specific Pax6 heterozygote)
and Pax6fx/fx; LeCre+ (lens ectoderm-specific Pax6 conditional knockout; CKO) embryos
(Fig 2A-C). At the lens placode stage, the Pax6CKO surface ectoderm was significantly
thinner than wild type (Fig.2D) and indistinguishable from the pre-placodal ectoderm at
E8.5 (data not shown). Heterozygosity for Pax6 gave an intermediate phenotype,
consistent with the haploinsufficiency seen in mice and humans heterozygous for Pax6
mutations (Fig.2D). Cell volume, proliferation and apoptosis were not different in the
17

Pax6CKO surface ectoderm before lens placode formation and at the time lens placode
should have formed. However, cell density was decreased in the Pax6CKO surface
ectoderm compared to WT (Fig. 2E-H). In agreement with measurements in chicken
embryos, the contact area between the optic vesicle and the surface ectoderm remained
constant during placode formation in wild type embryos (Fig. 2I). However, contact area
between these tissues increased in Pax6CKO embryos.

Pax6 regulates transcripts encoding components of the ECM in the lens placode. We
used microarray analysis to identify genes that are regulated by Pax6 in the lens placode.
Wild type and Pax6CKO surface ectoderm was collected at E9.5 or E10.0 by laser
microdissection (Fig. 3A, B) and RNA was isolated and amplified for microarray analysis
(Table 1). The >500 transcripts that were significantly decreased in Pax6CKO embryos
included well-known Pax6 targets and transcription factors required for normal lens
development, including Prox1, Sox2, Mab21l, Pitx3, Tcfap2a and Maf (Table 1) (Reza,
Ogino et al. 2002; Lang 2004; Cvekl and Duncan 2007). Several transcripts encoding
components of the extracellular matrix (ECM) or involved assembly of the ECM, such as
fibronectin1 (Fn1), versican (Vcan), tenascin-C (Tnc), hyaluronan synthase 2 (Has2),
leprecan-like 1 (Leprel1; prolyl 3-hydroxylase 2), and α1-collagen type 13 (Col13a1)
18

were decreased in the Pax6CKO placodes (Table 1). In situ hybridization confirmed that
transcripts encoding Fn1 (Fig. 3C, D), Vcan (Fig.3E, F) and Tnc (Fig. 3G, H) were
decreased in the Pax6CKO lens ectoderm. PAS and Alcian blue staining showed decreased
ECM in Pax6CKO embryos, compared to WT (Supplemental Figure 1), suggesting that
Pax6 in the surface ectoderm is required for the accumulation of a normal level of ECM
and that the lens placode is a major source of ECM deposited between the surface
ectoderm and optic vesicle.

Fibronectin from multiple sources contributes to lens placode formation. To test the
function of ECM in lens placode formation, we conditionally deleted Fn1. Fibronectin
contains modules that can bind to a variety of extracellular and cell surface molecules,
including collagens, glycosaminoglycans, fibrin, integrins and fibronectin itself, and is
crucial for ECM assembly and for mediating adhesion between cells and their ECM
(Oberley and Steinert 1983; Mattey and Garrod 1984; Akiyama, Yamada et al. 1989;
Corbett, Lee et al. 1997; Wierzbicka-Patynowski and Schwarzbauer 2003; Huang, Liu et
al. 2007; Leiss, Beckmann et al. 2008). Because of the lethality of the Fn1 germline
knockout (George, Georges-Labouesse et al. 1993), we conditionally deleted Fn1 from
surface ectoderm, optic vesicle, or both using Le-Cre, Rx-Cre or both transgenes,
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respectively (Ashery-Padan, Marquardt et al. 2000; Swindell, Bailey et al. 2006).
Deleting Fn1 from the surface ectoderm, optic vesicle or both tissues did not prevent
placode formation or lens invagination. However, in each of these conditional knockout
embryos, residual Fn1 was present between the lens placode and optic vesicle (Fig.
4A-D).

Global deletion of Fn1 prevented placode formation and lens invagination. To
globally delete Fn1 while avoiding early lethality, tamoxifen was administered at E8.5
and E8.75 to Fn1fx/+ or Fn1fx/fx pregnant dams carrying the CAGG-CreERTM transgene
(Hayashi and McMahon 2002). We also introduced the Le-Cre transgene into this cross,
since this construct expresses green fluorescent protein (GFP) from an internal ribosome
entry site, thereby marking the prospective lens-forming ectoderm (Ashery-Padan,
Marquardt et al. 2000). Global deletion of Fn1 resulted in a pericardial edema at E10.5
(Fig. 5A, B), which is consistent with the function of fibronectin in cardiovascular
development (George, Georges-Labouesse et al. 1993). Most of the Fn1CKO embryos died
before E11.0. Distinct GFP fluorescence demarcated the lens pit cells in CAGG-CreERTM;
Fn1fx/+ embryos at E10.5, but fluorescence was weaker and more broadly distributed in
tamoxifen-treated CAGG-CreERTM; Fn1fx/fx embryos with heart edema (Insets in Fig. 5A,
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B). At E10.5, CAGG-CreERTM; Fn1fx/fx embryos had not formed lens placode, while the
CAGG-CreERTM; Fn1fx/+ littermates had an invaginating lens vesicle (Fig.5C, D). Staining
for fibronectin in CAGG-CreERTM; Fn1fx/fx embryos showed that deletion was fairly
efficient (Fig.5D).

To address whether the inhibition of lens placode formation resulted from the
deficiency in Fn1 or from secondary effects, like the heart defect, we cultured bisected
heads from embryos that had received tamoxifen at E8.5 and E8.75, beginning at E9.5, a
day before the embryos developed pericardial edema. One half-head was cultured in
4-OH tamoxifen and the other half was cultured with vehicle (ethanol). Lens vesicles
formed in the head explants from CAGG-CreERTM; Fn1fx/+ embryos, whether they were
cultured in tamoxifen or not (Fig. 6A, B, E, F). In cultured heads of CAGG-CreERTM;
Fn1fx/fx embryos that received no supplemental tamoxifen, no lens vesicles formed,
although small aggregates of lens cells (“lentoids”) were sometimes seen (Fig. 6C, D).
When tamoxifen was added to the culture medium, lens vesicles were absent from
CAGG-CreERTM; Fn1fx/fx embryos (Fig.6G, H).

We then examined placode formation in Fn1 deficient head explants, and found that
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the thickness of placode of Fn1 deficient head explants was significantly decreased
compared to CAGG-CreERTM; Fn1fx/+ head explants (Fig.7A), while the contact area
between the surface ectoderm and optic vesicle increased (Fig.7B). Previous studies have
shown that the ECM has the ability to control cell growth and apoptosis (Oberley and
Steinert 1983; Almeida, Ilic et al. 2000; Danen and Yamada 2001). To determine if the
failure of lens placode formation in Fn1 deficient head explants was due to decreased
proliferation or increased cell death, we performed TUNEL and EdU analyses. Cell death
increased in the Fn1-deficient embryos (Fig. 7C), although to a level that was still
consistent with placode formation and lens invagination (Rajagopal, Huang et al. 2009).
The percentage of cells in S-phase, as detected with EdU staining, was not significantly
altered in Fn1-deficient head explants (Fig. 7D).

Previous studies showed that the ECM might play a role in sequestering morphogens
involved in inductive tissue interactions. For example, FGF ligands bind to heparan
sulfate in order to function in target cells (Allen and Rapraeger 2003; Smith, West et al.
2007; Pan, Carbe et al. 2008) and the association of BMPs with the ECM have been
suggested to be important in inducing the differentiation of resident mesenchymal stem
cells into osteoblasts (Gregory, Ono et al. 2005; Seib, Lanfer et al. 2009). Without intact
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ECM, morphogens might diffuse more readily, reducing their concentration and their
inductive ability. BMPs are produced by the lens-forming ectoderm and the optic vesicle
and BMP signaling is required in the ectoderm for lens formation (Furuta and Hogan
1998; Wawersik, Purcell et al. 1999; Rajagopal, Huang et al. 2009). We, therefore,
stained for BMP-activated Smads (phosphorylated Smad1/5/8) in the surface ectoderm.
Phosphorylated Smad1/5/8 staining was strong in heterozygous and Fn1-deficient head
explants (Fig. 7G, H), suggesting that the loss of Fn1 did not affect BMP signaling. The
level of Pax6 protein, a marker lens induction, was also not affected in Fn1-deficient
head explants (Fig.7E, F).

The extracellular matrix is disrupted in both Pax6CKO embryos and Fn1-deficient
explants. To examine if the extracelluar matrix is disrupted in the Fn1-deficient head
explants and Pax6 conditional knockout embryos, we performed an electron microscopy
(EM) experiment. EM results showed that the fibrillar like matrix in the contrl embryos
(Fig.S3A-B) is reduced and fragmented in both knockout embryos (Fig.S3C-D),
suggesting that the failure of lens placode formation in these knockout embryos is due to
the malfunction of the extracellular matrix.
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The cytoskeletal reorganization that accompanies lens invagination occurs in the
absence of placode formation. Although placode thickening and invagination are
distinct morphogenetic events, they have rarely been studied as separate processes.
Therefore, it is not clear whether placode formation is required for subsequent
invagination. Invagination of the lens placode involves the BMP-dependent
re-localization of actin microfilaments from the periphery to the apical ends of the
placode cells, accompanied by the apical localization of myosin II (Rajagopal, Huang et
al. 2009; Plageman, Chung et al. 2010). These events are followed by constriction of the
cell apices, which appears to drive placode bending to initiate invagination. We stained
embryos and cultured heads with fluorescent phalloidin to determine whether the apical
redistribution of the actin cytoskeleton, which occurs just prior to invagination, occurred
in the absence of placode formation (Rajagopal, Huang et al. 2009). We confirmed that in
wild type placodes, F-actin was uniformly distributed around the cell periphery before
invagination and localized to the apical ends of the placode cells during invagination (Fig.
8A, B). In Fn1-deficient head explants, F-actin also localized to the apical ends of the
surface ectoderm cells, although these cells did not invaginate (Fig. 8C). As in placode
cells lacking BMP receptors, F-actin did not redistribute to the apical ends of cells in the
prospective lens-forming ectoderm of Pax6CKO embryos (Rajagopal, Huang et al. 2009)
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(Fig. 8D).
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Discussion

How to make a placode. Lens placode formation in the mouse embryo was accompanied
by a doubling of cell density, while the contact area between the optic vesicle and the
surface ectoderm did not change. At the same time, the surface area of the adjacent head
ectoderm outside the placode was increasing as a result of the normal growth of the head.
During placode formation, average cell volume and the rate of cell proliferation did not
change. These results are consistent with previous studies in chicken embryos, which also
found that the contact area between the optic vesicle and surface ectoderm remained
constant and the mitotic and tritiated thymidine labeling indices were not different in the
cells of the placode and the surrounding, non-placodal ectoderm (McKeehan 1951;
Zwaan and Hendrix 1973). Zwaan and Hendrix estimated that the increase in cell number
in the fixed area of the placode was sufficient to account for the increase in cell density
and cell length seen during placode formation. Based on these observations, Zwaan and
co-workers proposed what we have termed the “restricted expansion” model: adhesion
between the surface ectoderm and the underlying ECM prevents the expansion of the
prospective lens ectoderm; continued cell proliferation within this restricted area results
in thickening of the head ectoderm to form the lens placode (Zwaan and Hendrix 1973;
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Hendrix and Zwaan 1975).

While these data are sufficient to explain the formation of the lens placode in birds
and mammals, it is worth considering whether alternative mechanisms might be involved.
Cells might elongate if cell-cell adhesion increased. Since cell volume remains constant,
this could increase the area of cell-cell contact at the expense of contact with the basal
lamina. Supporting this possibility, increases in cadherin levels have been described
during lens placode formation, (van Raamsdonk and Tilghman 2000; Xu, Overbeek et al.
2002; Pontoriero, Deschamps et al. 2008). Conditional deletion of N- and E-cadherin
from the lens placode did not prevent placode formation, but this could be due to the
perdurance of cadherins after gene disruption (Pontoriero, Smith et al. 2009).
Cytoskeletal reorganization and function has also been suggested as a possible
explanation for cell elongation during lens placode and neural plate formation (Byers and
Porter 1964; Burnside 1971). However, if cell volume remained constant, either of these
changes would make cells longer and thinner, decreasing the surface area of the placode.
Since the area of the placode was constant during its formation, it seems more likely that
proliferation within a restricted area, not cell elongation, provides the driving force for
placode formation.
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Deletion of Pax6 in the prospective lens ectoderm provides clues to the mechanism
of placode formation. Deletion of Pax6 in the surface ectoderm prevented placode
formation and the increase in cell density that occurs during placode formation without
altering the BrdU labeling index, average cell volume, or decreasing cell death. This
result differs from a previous report, which found thinner placodes and a modest decrease
in the BrdU labeling index in embryos with reduced Pax6 expression due to deletion of
the Pax6 ectoderm enhancer (Dimanlig, Faber et al. 2001). However, our data agree with
measurements performed in Pax6 germline heterozygous embryos (van Raamsdonk and
Tilghman 2000), which found thinner placodes, fewer cells in the placode, but no change
in the percentage of phospho-histoneH3-labeled cells, a measure of cell proliferation.
Importantly, we observed that the contact area between the optic vesicle and the surface
ectoderm increased in the Pax6CKO embryos, showing that these cell layers were not
prevented from expanding and providing an explanation for the inability of Pax6CKO
ectoderm to form a placode.

Since deletion of Pax6 prevented placode formation, the genes that are regulated by
Pax6 must be required for placode formation. Comparison of gene expression in wild
type placodes and ectoderm from which Pax6 had been conditionally deleted revealed
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decreased levels of well known targets of Pax6 and a number of ECM components.
Given the importance of the ECM in the restricted expansion model, we tested whether
disrupting the assembly of the ECM would prevent placode formation.

We focused these experiments on Fn1, which was significantly decreased in Pax6CKO
embryos in our microarray and in situ hybridization analyses. Fibronectin is both a
component of the ECM and required for its assembly (Leiss, Beckmann et al. 2008).
Fibronectin binds to cell-surface integrins, which promotes the assembly of a fibrillar
fibronectin matrix. The fibronectin matrix then acts as a template for the assembly other
components of the ECM. We reasoned that absence of fibronectin might disrupt the
assembly of a functional matrix between the optic vesicle and surface ectoderm. If the
restricted expansion hypothesis were correct, failure of matrix assembly should prevent
placode formation.

Deletion of Fn1 from the lens placode, the optic vesicle, or both tissues did not
prevent placode formation or lens invagination. This appeared to be due to the perdurance
of fibronectin in the ECM after deletion or, possibly, to fibronectin derived from adjacent
head mesenchyme cells, since the lens vesicles formed in these knockouts had substantial
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fibronectin at their basal surfaces. Deletion of Fn1 using ubiquitously-expressed,
tamoxifen-inducible Cre recombinase resulted in a more extensive reduction in
fibronectin in the ECM between the optic vesicle and the surface ectoderm, absence of a
lens placode and failure of lens formation. As in the Pax6CKO ectoderm, the area of
contact between the optic vesicle and the surface ectoderm was larger in Fn1CKO embryos
than in embryos heterozygous for Fn1. As suggested in the “restricted expansion model”
(Fig. 9A), adhesion between the surface ectoderm and the underlying ECM is required
for lens placode formation. Adhesion to the ECM prevents the lens ectoderm from
expanding while the ectoderm cells continue to proliferate within the zone of adhesion.
As they become crowded in this area, the cells have no choice but to elongate, thereby
forming the lens placode. When the matrix between the optic vesicle and the overlying
head ectoderm was disrupted by deleting Pax6 or Fn1, the contact area between the lens
ectoderm and optic vesicle expanded and the lens placode did not form (Fig.9B)

Differences between deletion of Pax6 and Fn1 in the surface ectoderm. Removal of
one Pax6 allele with the Le-Cre transgene reduced the thickness of the lens placode.
However, deletion of Fn1 in the lens placode did not inhibit placode formation or prevent
invagination. Therefore, other Pax6 target genes contribute to placode formation. These
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may include genes encoding other components of the ECM that are reduced in Pax6CKO
placodes, like Has2 and Tnc, or genes required to maintain the adhesion of placode cells
with the ECM. Further studies are required to identify the Pax6-regulated genes that are
required in the ectoderm for placode formation.

Prevention of placode formation by defects in the ECM or contact with the ECM are
consistent with previous studies on chimeric embryos derived from Pax6+/+ and Pax6-/cells, which showed that most Pax6-/- cells were eliminated from the lens placode
(Collinson, Hill et al. 2000). Presumably, this occurred because the Pax6-/- cells had
decreased adhesion to the basal lamina and were excluded by adjacent Pax6+/+ cells. This
study also showed that contact between the optic vesicle and the prospective lens placode
was not robust when either or both layers had a high proportion of Pax6-/- cells. Data
from this work and the present study argue that cells lacking Pax6 have lower adhesion to
the ECM.

Implications for the formation of other placodes. We are aware of few studies, other
than those conducted on the lens and otic placodes, in which mechanism of placode
formation has been examined in a quantitative manner. Like the lens placode, the area of
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the otic placode does not change during placode thickening (Meier 1978). The mitotic
index is also similar in otic placode cells and in the surrounding, non-placode ectoderm.
Electron microscopic examination of the ECM beneath the otic placode showed that it
had a fibrillar structure, while the ECM underlying the ectoderm outside the placode had
a granular appearance (Meier 1978). This raises the possibility that, like the lens, a
specialized ECM is secreted or assembled to restrict epithelial spreading and promote otic
placode formation (Meier 1978; Legan and Richardson 1997). The otic vesicle was
present in the Fn1-deficient embryos generated in the present study (data not shown).
However, the otic vesicle forms about one day earlier than the lens placode. Earlier
exposure to tamoxifen would be required to test whether fibronectin is required to
assemble a specialized ECM beneath the otic placode.

Like most placodes and unlike the lens, the otic placode is adjacent to mesenchyme
during its formation. This raises the question of whether its close contact with the optic
vesicle makes the lens placode a special case. However, it appears that a lens placode
may form without contact with the optic vesicle (McKeehan 1958; Muthukkaruppan
1965). Although lens induction normally requires BMP4 from the optic vesicle (Furuta
and Hogan 1998), rudimentary lens formation can occur when the optic vesicle is
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genetically ablated; for example, if β-catenin is deleted from the ectoderm (Smith, Miller
et al. 2005; Swindell, Liu et al. 2008). In one of these studies, the prospective
lens-forming ectoderm appeared to thicken to form a placode in the absence of the optic
vesicle, although ectodermal thickening and ECM accumulation were not measured
(Swindell, Liu et al. 2008). In addition, the ventral extent of the lens placode is in contact
with mesenchyme, not with the optic vesicle, yet it thickens and invaginates. Thus, like
the otic placode, the lens placode cells may be able to secrete a specialized matrix and
form over mesenchyme, as long as the appropriate inductive signals are provided.

Why make a placode? Placodes form prior to the invagination or involution of many
tissues, but an explanation of the need for placode formation has not been provided and,
to our knowledge, the requirement of placode formation for subsequent invagination has
not been tested. In the present study, although the lens placode did not form, response to a
lens-inducing stimulus, as indicated by phosphorylated Smad1/5/8 staining and lens
induction, as indicated by Pax6 accumulation, occurred normally. Just before the
invagination of the lens placode, actin filaments decrease at the lateral surfaces of the
placode cells and increase at their apical ends (Rajagopal, Huang et al. 2009; Plageman,
Chung et al. 2010). Actin redistribution is accompanied by increased apical localization
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of myosin II (Plageman, Chung et al. 2010). In the present study, deletion of Pax6 from
the prospective lens ectoderm or Fn1 from the entire embryo prevented placode
formation. However, unlike deletion of Pax6, loss of fibronectin from the lens ECM did
not prevent the reorganization and apical localization of the actin cytoskeleton. Although
we cannot be certain that all of the subcellular components required for invagination were
properly localized in the Fn1CKO embryos, it appears that the lens-forming ectoderm cells
were prepared for invagination, but that invagination failed. These observations raise the
possibility that placode formation might be a mechanical precondition for invagination.

From a mechanical perspective, the formation of a placode would seem to make its
deformation (invagination) more difficult, since more force is required to bend a thicker
tissue. However, if it is correct that the contractile apparatus assembled at the apical ends
of each placode cell provides the force required to bend the placode during invagination,
having a larger number of longer, thinner cells could decrease the force required from
each cell to bend the tissue (Fig. 10). Doubling the length of a cell while maintaining its
volume, as occurs during lens placode formation, increases the number of cell apices per
area by a factor of four. This process also decreases by a factor of four the average area of
the apical ends of the placode cells. Together with the apical localization of actin
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filaments that occurs prior to invagination (Rajagopal, Huang et al. 2009; Plageman,
Chung et al. 2010), reducing the apical area of the cells would increase the density of
actin filaments in the apical actin web (Fig. 10). Since actin filaments of opposite polarity
interact with myosin II to drive contraction (Ivanov 2008; Plageman, Chung et al. 2010),
increasing the density of actin filaments could increase the interaction between actin
filaments and myosin II. Together, these changes should increase the force available to
reduce the apical surface area of the tissue and drive invagination. Therefore, placode
formation may be required to establish the minimal mechanical and biochemical
conditions necessary for invagination. If correct, this perspective could explain why
placode formation precedes invagination in most tissues throughout embryogenesis.
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Figures & Legends
Figure 1.
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Fig. 1 Cell density, volume, proliferation and death in wild type mouse embryos
during lens placode formation. Measurements were made at the pre-placode stage (A)
and at placode stage (B). Embryos in A and B were BrdU-labeled. Cell density (number
of nuclei/50 m length) doubled during placode formation (C). Cell volume (nuclei per
tissue area; D) and cell proliferation (BrdU labeling index; E) did not change during
placode formation. Cell death increased during placode formation (F). *p<0.05
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Figure 2.

Fig. 2 Placode thickness is regulated by Pax6 dose and correlates with cell density.
(A) Placode thickness of wild type (Pax6+/+), (B) ectoderm-specific conditional
heterozygote (Pax6HET) and (C) ectoderm-specific conditional knockout (Pax6CKO)
embryos was measured at five positions: D (dorsal), D-C ( dorsal- center), C (center),
V-C ( ventral- center) and V (ventral). (D) Pax6CKO ectoderm was significant thinner than
45

wild type at all locations; heterozygous placodes were of intermediate thickness. (E)
Unlike wild type ectoderm, average cell density did not increase in Pax6CKO ectoderm. (G)
Cell volume, (F) cell proliferation (BrdU labeling index) and (H) cell death (TUNEL
labeling index) was not significantly different in Pax6+/+ and Pax6CKO embryos at
pre-placode and placode stages. (I) contact area between the optic vesicle and the
ectoderm was unchanged during lens placode formation in wild type embryos, but
increased in Pax6CKO littermate embryos. *p<0.05, ** p<0.01
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Figure 3.
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Fig.3 Laser microdissection and verification of microarray data by in situ
hybridization. (A) Frontal section of a wild type embryo at the placode stage before
laser microdissection. (B) The same section after laser microdissection. (C, D) In situ
hybridization in Pax6+/+ and Pax6CKO embryos for fibronectin (Fn1), (E, F) versican
(Vcan) and (G, H) tenascin-C (Tnc). OV – optic vesicle; arrowheads point to the surface
ectoderm forming the lens placode or where the placode would have formed.
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Figure 4.

Fig.4 Lens formation and immunostaining for fibronectin in Fn1 conditional
knockouts. Genotypes are shown in the lower right corners. The lens pit formed and
fibronectin immunostaining (green) was reduced, but present in the ECM in each case.
Nuclei are stained blue with DRAO-5.
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Figure 5.

Fig. 5 Lens formation and immunostaining for fibronectin in Fn1-deficient embryos.
(A) The lens vesicle (arrow) formed in a Fn1fx/+ embryo exposed to tamoxifen on E8.
GFP fluorescence, which marks the prospective lens tissue, is strong and sharply
demarcated (inset). (B) No lens vesicle (arrow) formed in a Fn1fx/fx embryo exposed to
tamoxifen. GFP fluorescence in the ectoderm was weak and diffuse (inset). (C)
Fibronectin immunostaining in a Fn1fx/+embryo exposed to tamoxifen on E8. (D)
Fibronectin immunostaining decreased greatly in a Fn1fx/fx embryo exposed to tamoxifen
on E8.
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Figure 6.

Fig. 6 Lens formation in wild type and Fn1-deficient head explants.
(A, B, E, F) Brightfield and fluorescence images showing the lens vesicles formed in
Fn+/fx; CAGG-ERTM head explants cultured in vehicle (A, B) or in tamoxifen (E, F).
(C, D) Brightfield and fluorescence images showing the small aggregates of lens cells
(“lentoids”) that were sometimes seen in Fnfx/fx; CAGG-ERTM head explants that received
no supplemental tamoxifen during culture. (G, H) Brightfield and fluorescence images
showing that lens vesicles were absent from cultured heads of Fnfx/fx; CAGG-ERTM
embryos when tamoxifen was added to the culture medium.
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Figure 7.
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Fig. 7 Deletion of Fn1 decreased placode thickness and increased the contact area
between the optic vesicle and the surface ectoderm, but did not prevent the
expression of lens cell differentiation markers or BMP signaling. (A) Lens placode
thickness was significantly decreased in Fn1-deficient head explants. (B) The contact
area between the ectoderm and the optic vesicle was significantly greater in Fn1-deficient
head explants. (C) The TUNEL-labeling index increased significantly in Fn1-deficient
head explants. (D) Cell proliferation, as measured by the EdU-labeling index, was similar
in wild type and Fn1-deficient head explants. (E, F) Pax6 protein levels were unaffected
in the prospective placodal ectoderm of Fn1-deficient head explants. (G, H) BMP
signaling, as measured by the nuclear localization of phosphorylated Smad1/5/8
(pSmad1/5/8), was not affected in Fn1-deficient head explants. *p<0.05
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Figure 8.

Fig. 8 Cytoskeleton reorganization in Pax6CKO embryos and Fn1-deficient head
explants. (A) Confocal images of phalloidin staining of a frontal section of Fn1fx/+;
CAGG-ERTM that embryo showing the localization of the actin cytoskeleton at the
periphery of lens placode cells on E9.5, before placode invagination. (B) A frontal section
of Fn1fx/+; CAGG-ERTM embryo, showing the mainly apical localization of the F-actin
54

cytoskeleton during placode invagination. (C) Phalloidin staining on a frontal section of a
Fn1fxfx+; CAGG-ERTM head explant that had been cultured in 4-OH tamoxifen, showing
the mainly apical localization of the F-actin cytoskeleton at a stage corresponding to the
lens vesicle stage in vivo. (D) Phalloidin staining in a frontal section of a Pax6CKO
embryo showing the uniform distribution of the F-actin cytoskeleton at the periphery of
the surface ectoderm cells at E10.5. Arrows point to the apical surface of the ectoderm
cells; OV – optic vesicle.
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Figure 9.

Fig. 9 The “restricted expansion model” of lens placode formation. The extracellular
matrix between the optic vesicle and the surface ectoderm is colored orange.
(A) During normal lens placode formation, the adhesion between the head ectoderm and
the extracellular matrix prevents the expansion of the prospective lens territory.
Continued cell proliferation within this area of adhesion leads to cell crowding, resulting
in cell elongation and placode formation (Hendrix and Zwaan 1975). (B) In Pax6 CKO or
Fn1-deficient embryos, the matrix between the optic vesicle and the overlying head
ectoderm is deficient, resulting in the unrestricted expansion of the prospective lens
ectoderm and impaired placode formation.
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Figure 10.

Fig.10 Illustration of the geometric consequences of doubling cell height while
maintaining cell volume. During lens placode formation, crowding causes cell
elongation, resulting in a fourfold decrease in area of the apical ends of the cells and a
fourfold increase in the “concentration” of cell apices. If the concentration of apical actin
filaments (red lines) were similar on a per-cell basis, the concentration of these filaments
at the apical end of each cell would be at least four times higher after placode formation,
resulting in a sixteen-fold increase in their concentration at the apical surface. Actin
filaments are depicted as red lines of equal length and number in all tissues.
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Supplemental Figures & Legends

Figure S1.

Fig. S1 Periodic acid Schiff (PAS) and Alcian Blue (AB) staining in Pax6WT and
Pax6CKO embryos.
(A,B) Staining of the matrix between the optic vesicle and the surface ectoderm (arrows)
by PAS was strong but less intense in Pax6CKO embryos.
(C,D) Staining of the matrix between the optic vesicle and the surface ectoderm (arrows)
by AB was strong but less intense in Pax6CKO embryos.
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Figure S2.

Fig. S2. Activated caspase 3 in wild type mouse embryos during lens placode
formation.
The level of activated caspase 3 increased during placode formation. *p<0.05
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Figure S3.

Fig. S3 The extracellular matrix is disrupted in Pax6CKO embryos and Fn1-deficient
explants.
(A,B) The abundant fibrillar matrix in wild type control embryos and cultured explants.
(C,D) The extracellular matrix is disrupted in Pax6CKO embryos and Fn1-deficient
explants.
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Table 1. Transcripts significantly altered in Pax6CKO embryos at E10.0.

Category

Transcription factors
known to be regulated
by Pax6 and/or
important for lens
development
Expressed by Le-Cre
transgene

Extracellular matrix and
related transcripts

Gene

Fold change

P-Value

c-Maf
Prox1

-1600
-197

<0.001
<0.001

Mab21l1

-3.5

<0.01

Tcfap2a

-2.3

<0.05

Pitx3
Sox2

-12.3
-4.2

<0.05
<0.01

eGFP

91

<0.001

Fn1
Vcan

-14.8
-5.1

<0.05
<0.001

Leprel1 (P3h2)

-8.5

<0.001

Has2

-6.7

<0.001

Tnc
Tgm2

-95.8
-96.0

<0.001
<0.001

Col13a1

-3.3

<0.05
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Chapter 2 The Role of Surface Ectoderm in Optic Vesicle
Invagination

Abstract

Previous studies showed that the optic vesicle failed to invaginate to form the optic
cup when the surface ectoderm was ablated at an early stage of contact, indicating the
surface ectoderm plays a role in optic vesicle invagination. Our studies showed that there
is a thickening of the distal optic vesicle shortly before the optic vesicle invaginates,
suggesting the retina forms a retinal placode, as the lens does. We also showed that there
is a correlation between the retinal placode formation and invagination, and lens placode
and retinal placode formation, suggesting the lens placode is required for retinal placode
formation and invagination. Finally, we showed the retinal placode invagination (optic
cup formation) can occur without lens placode invagination.
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Introduction

During eye morphogenesis, the lens forms from the surface ectoderm at the same
time that the optic vesicle transforms into the optic cup. Experimental analysis of eye
development has revealed an intimate relationship between the lens surface ectoderm and
optic vesicle. When optic vesicle makes a close contact with the lens surface ectoderm,
they become coherent as a result of the deposition of an abundant extracellular matrix.
The intimate contact between these two tissues stimulated many studies to investigate if
there are reciprocal inductive interactions taking place. This chapter will discuss the roles
of lens morphogenesis in optic cup formation.

Studies in chicken and mouse embryos showed that the optic vesicle failed to
invaginate to form optic cup when the surface ectoderm was ablated at an early stage of
contact (Hyer, Kuhlman et al. 2003; Zhang, Burgess et al. 2008). This suggested that the
surface ectoderm or signals emanating from lens surface ectoderm is required for optic
vesicle invagination. Mouse embryos in which Pax6 was deleted or Wnt signaling was
over-activated in the surface ectoderm failed to form a lens and the optic vesicle failed to
invaginate (Ashery-Padan, Marquardt et al. 2000; Smith, Miller et al. 2005), suggesting,
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again, that there may be signaling involved. On the other hand, our studies of lens
placode formation showed that lens placode did not form, due to the defective
extracellular matrix formation in Pax6 surface ectoderm knockout (Pax6SEKO) embryos,
suggesting that lens morphogenesis or the normal extracellular matrix may be essential
for optic vesicle invagination.

To understand the mechanism of optic vesicle invagination, we analyzed the distal
optic vesicle of wild type and conditional knockout embryos. This chapter will describe
the effects of these knockouts on optic vesicle invagination.

64

Materials & Methods

Mice All animals were treated in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and with the approval of the Animal Studies
Committee of the Washington University School of Medicine. Pax6SEKO mice are from
the crosses between Pax6 fx/fx mice and Lecre mice, as previously described
(Ashery-Padan, Marquardt et al. 2000).

Laser microdissection and microarray analysis. E9.5 or E10.0 embryos were
embedded in OCT and snap frozen on dry ice for 10-15min. 10 µm frozen sections were
transferred to glass PEN foil slides (Leica Microsystems, #11505189). To avoid the
separation of the foil and slides, slides were dipped in 70% ethanol at 4°C for 1 min,
washed in RNAase-free water twice for 30 Sec, rinsed in 95% ethanol, and stained in
Eosin Y. Stained samples were washed in 95% ethanol and dehydrated in 100% ethanol
and xylene. The slides were dried and the lens placode or prospective lens ectoderm was
microdissected using a Leica LMD 6000 laser microdissection system. Distal optic
vesicles from 3 wild type control embryos or 3 Pax6CKO embryos are pooled together, and
extracted RNA respectively using a Qiagen RNeasy Microkit (Qiagen#74004). Each
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RNA was then amplified into cDNA by using Nugen WT-Ovation™ Pico RNA
Amplification System (NuGEN Technologies Inc, #3300-12). cDNA samples obtained
from three amplification (technically triplicates) were used to probe Illumina Mouse6
bead microarrays . Microarray data were analyzed using Illumina Beadstudio 3.0
software.

Histology. Embryo heads were fixed in 4% paraformaldehyde/PBS overnight at 4°C,
dehydrated through a series of ethanol concentrations, embedded in paraffin and
sectioned at 4 μm. For morphological studies, sections were stained with hematoxylin
and eosin (Surgipath, Richmond, IL, USA). Cell volume was determined by dividing the
average cell area (µm2) by the number of nuclei from sections of E9.5 embryo heads
using the Spot camera software (Spot Diagnostic Instruments, Sterling Heights, MI). Cell
density was determined by counting the number of nuclei per 50 µm length of the
ectoderm. To analyze the thickness of the retinal placode, 5 equidistant points were
marked along the length of the placode and the height of the tissue was measured at those
positions.

Imaging. All the brightfield images of the sections were taken by an Olympus BX60
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microscope (Olympus, Melville, NY) and Spot camera (Spot Diagnostic Instruments,
Sterling Heights, MI). The fluorescent images were taken using an Olympus BX51 with a
Spot digital camera.
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Results

The optic vesicle thickens to form a retinal placode at the same time the lens placode
forms. Our studies on lens placode formation in Chapter 1 showed that the lens surface
ectoderm thickens to form a lens placode before it invaginates and suggest that the
formation of the lens placode is required for its subsequent invagination. To examine
whether the distal optic vesicle, which is going to invaginate at the same time that lens
placode does, also thickens before it invaginates, we compared the thickness of the distal
optic vesicle at early lens placode stage (Fig.1A) and late lens placode stage (Fig.1B). We
found that the thickness of the distal optic vesicle significantly increased along with
thickening of the lens placode (Fig.1C), indicating that the retina also forms a placode.

Loss of Pax6 in the surface ectoderm prevents the formation of a retinal placode and
optic cup invagination. In Chapter 1 we showed that Pax6 is required for lens placode
formation. Loss of Pax6 in the surface ectoderm resulted in the failure of lens placode
formation. In addition, we found that Pax6 also acts non cell-autonomously on optic cup
formation, since the optic vesicle failed to invaginate in the Pax6SEKO embryos. At E10.5,
the wild type embryos and embryos heterozygous for Pax6 in the surface ectoderm
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(Pax6SEHET) have formed the lens and optic cup (Fig. 2A), although the Pax6SEHET
embryos have a smaller lens (data not shown). In contrast, in embryos homozygous for
Pax6 in the surface ectoderm (Pax6SEKO) the optic vesicle failed to invaginate (Fig. 2B).
To determine if the retinal placode formed in the Pax6SEKO embryos, we measured the
thickness of distal optic vesicle at the stage when the lens placode should have already
formed. We found that the thickness of distal optic vesicle failed to increase in the
Pax6SEKO embryos. The distal optic vesicle was also thinner than normal in Pax6SEHET
embryos (Fig.2C-F), showing that the formation of the retinal placode requires Pax6 in
the surface ectoderm and is sensitive to the dose of Pax6. Although the retinal placode
was thinner in Pax6SEHET embryos, the optic vesicle was still able to invaginate,
suggesting that a threshold activity of Pax6 is required for lens and optic cup
invagination.

The retinal placode forms and invaginates independent of lens placode invagination.
Since our studies have shown that Pax6SEKO embryos failed to form a lens placode and the
lens placode failed to invaginate,we determined whether it is the absence of thickening or
the absence of invagination of the lens placode that leads to failure of optic vesicle
invagination. For these studies we examined the Bmpr1a, Acvr1 double surface ectoderm
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knockout (Bmpr1a; Acvr1DSEKO) embryos, in which we have shown that a thinner lens
placode formed, but failed to invaginate (Rajagopal, Huang et al 2009). We found that in
this knockout embryo, the optic vesicle still invaginated and formed an optic cup,
although the optic cup was rotated ventrally (Fig. 2A), suggesting that lens placode
invagination is not necessary for the invagination of the optic vesicle to form the optic
cup. We then examined retinal placode formation in Bmpr1a;Acvr1DSEKO embryos. We
found that the retinal placode in Bmpr1a; Acvr1DSEKO embryos was not significantly
thinner than in wild type embryos, suggesting that the retinal placode can form and
invaginate, independent of lens invagination.

Together with the analysis on Pax6SEKO embryos, our data suggest that lens placode
formation, but not its invagination, is essential for the formation and invagination of the
retinal placode.
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Discussion

This study has shown correlations between, the invagination of the lens placode and
optic vesicle, formation of the lens and retinal placode, and the formation of the retinal
placode and optic vesicle invagination. When the lens placode formed either fully in wild
type or to a lesser extent in Pax6SEHET or in Bmpr1a; Acvr1DSEKO embryos, the retinal
placode always formed and invaginated. However, when the lens placode did not form in
Pax6SEKO embryos, the retinal placode failed to form and invaginate, suggesting that the
lens placode is essential for retinal placode formation and invagination or that some other
factor is required for the formation of both placodes. Our results are consistent with
previous studies, which have shown optic cup malformation when the lens surface
ectoderm cells were eliminated either in chicken or mouse embryos (Hyer, Kuhlman et al.
2003; Zhang, Burgess et al. 2008).

The correlation between lens placode formation and retinal placode formation and
invagination is still not clear. Previous investigators suggested that there are signals
coming from lens placode to direct the optic vesicle invagination. However, it is also
possible that the morphogenesis of lens placode provides a non-signaling (physical or
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mechanical) direction for optic vesicle invagination. For example, the secretion of
extracellular matrix by the surface ectoderm may restrain the optic vesicle cells in the
area of contact between the optic vesicle and the ectoderm. This may cause the crowding
and elongation of optic vesicle cells, as it did for lens placode cells. However, since
extracellular matrix genes are decreased in expression in the Bmpr1a;Acvr1DSEKO
embryos to a similar extent as in the Pax6SEKO surface ectoderm (data not shown), it
makes the function of extracellular matrix on the retinal placode formation more doubtful.
In future studies, it will be important to quantify the extent of ECM deposition in wild
type, Pax6SEKO and Bmpr1a;Acvr1DSEKO embryos. One possibility we cannot rule out is
that Bmp signaling may function at the top of the signaling cascade that leads to lens
placode formation. In this case, deletion of these receptors may not occur early enough to
cause defects in extracellular matrix accumulation at the time when the retinal placode
forms. Therefore, the knockout may bypass the critical time for retinal placode formation.
Earlier deletion of the Bmp receptors, Bmpr1a and ;Acvr1 and further analysis of
embryos defective in the extracellular matrix defective embryos, such as fibronectin 1
knockout embryos, may help to answer these questions. Microarray analysis on the distal
optic vesicle of wild type and Pax6SEKO embryos may also help to identify potential
transcriptional pathways associated with optic vesicle invagination.
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Other mechanisms we have not ruled out to explain lens placode formation, such as
cell migration, may be responsible for the retinal placode formation and invagination as
well. Techniques of real time recording of morphogenesis, like optical coherence
tomography (OCT), will help to test these possibilities.

Although retinal placode formation only occurred when the lens placode formed, its
invagination did not require lens placode invagination. The retinal placode could
invaginate on its own. However, the mechanism of its invagination is not clear. When the
optic vesicle makes close contact with the surface ectoderm, it adheres to the surface
ectoderm on its basal side, and thus has a reversed polarity, compared to the surface
ectoderm. When it invaginates, it does so in a reverse manner (expanding the apical ends
of the cells, instead of contracting them). Since actin filaments are more concentrated on
the apical side of the optic vesicle (Fig.4), an apical constriction mechanism, like the one
explaining lens placode invagination, can not be applied to the invagination of retinal
placode. The retinal placode must employ a different mechanism for its invagination. It is
still not clear how this is achieved.
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Figures & Legends
Figure 1.

C

Fig.1 The thickness of the distal optic vesicle during lens placode formation
(A) A frontal section of the developing eye at the early lens placode stage.
(B) A frontal section of the developing eye at the late lens placode stage.
(C) The thickness of distal optic vesicle in wild type embryos at early lens placode stage
and late lens placode stage was measured at five positions: D (dorsal), D-C (dorsalcenter), C (center), V-C (ventral- center) and V (ventral). The thickness of distal optic
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vesicle significantly increased at all locations, except in the ventral optic vesicle during
lens placode formation.
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Figure 2.

F

Fig.2 The optic vesicle failed to invaginate in Pax6SEKO embryos and retinal placode
thickness was regulated by the dose of Pax6 in the surface ectoderm.
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(A) The optic vesicle invaginated and formed the optic cup in wild type embryos.
(B) The optic vesicle failed to invaginate, and no optic cup formed in Pax6SEKO embryos.
The retinal placode thickness of wild type (Pax6SEWT) (C), ectoderm-specific conditional
heterozygote (Pax6SEHET) (D) and ectoderm-specific conditional knockout (Pax6SEKO)
embryos (E) was measured at five positions: D (dorsal), D-C (dorsal- center), C (center),
V-C (ventral- center) and V (ventral).
(F). In Pax6SEKO embryos the retinal placode was significantly thinner than wild type at
all locations except for the ventral point. The retinal placode in Pax6SEHET embryos
placodes was of intermediate thickness.
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Figure 3.

C

Fig.3 Optic cup formation and retinal placode thickening are independent of lens
formation in Bmpr1a;Acvr1DSEKO embryos.
(A) Lens and optic cup formation in wild type embryos.
(B) The optic cup formed without the lens in Bmpr1a;Acvr1DSEKO embryos.
(C) The retinal placode thickness of wild type (Bmpr1a;Acvr1

WT

), ectoderm-specific

conditional knockout (Bmpr1a;Acvr1DSEKO) embryos was measured at five positions:
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D (dorsal), D-C (dorsal- center), C (center), V-C (ventral- center) and V (ventral).
Retinal placode in Bmpr1a;Acvr1 DSEKO embryos was not significantly thinner than in
wild type embryos at all locations.
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Figure 4.

Fig.4 The actin distribution during lens placode and optic vesicle invagination.
A. The phallodin staining showing that the actin filaments are more concentrated on the
apical side of the optic vesicle during invagination (white arrow).
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Chapter 3 Dmrt (doublesex and mab-3-Related Transcription
Factor) a2 is Required for Early Embryogenesis, and is Regulated
by Pax6 in the Lens Placode.

Abstract

Dmrt family members are genes related to the Drosophila melanogaster doublesex
(dsx) and Caenorhabditis elegans mab-3 genes. They were first identified as genes
controlling sexual development. However, recent stuides found out these genes have
many functions in various tissues. Our studies on lens placode revealed that one of these
family members, Dmrta2, is highly expressed in lens placode and its transcription is
regulated by Pax6. In addition, Dmrta2 mRNA and Pax6 protein are colocalized in the
olfactory placode and forebrain as well as in the lens placode, suggesting Dmrta2 is a
downstream target of Pax6 in these tissues.
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Introduction

Dmrt (doublesex and mab-3-related transcription factor) family is a group of genes
related to the Drosophila melanogaster doublesex (dsx) and Caenorhabditis elegans
mab-3 genes. They encode transcription factors containing a DNA-binding motif known
as the DM domain (Raymond, Shamu et al. 1998), and are highly conserved during
evolution {reviewed in (Zarkower 2001) and (Volff, Zarkower et al. 2003)}. The Dmrt
family proteins were primarily found in the indifferent gonad, and have been shown to be
important in sexual development both in vertebrates and invertebrates. For example,
mouse Dmrt1 is required for male gonad differentiation. Males homozygous for null
mutations of Dmrt1 are sterile and exhibit a complete loss of germ cells postnatally,
disorganized seminiferous tubules, and degeneration of Leydig cells (Raymond, Murphy
et al. 2000; Kim, Bardwell et al. 2007). Furthermore, mice mutant in Dmrta1(Dmrt4) are
viable and fertile but have polyovular follicles (Balciuniene, Bardwell et al. 2006); Mice
mutant in Dmrtc2 (Dmrt7) showed infertility with spermatogenic arrest at pachytene
stage and abnormal sex chromatin modifications. However, recent findings showed that
the members of Dmrt family are also expressed and have functions in other tissues beside
the gonad. For example, the Dmrt2, known as terra, is expressed in the somites and is
83

critical for normal development of somite and somite derivatives (Seo, Wang et al. 2006).
Dmrt3 through 7, were also found in the nasal placode, otic placode and brain (Smith,
Hurley et al. 2002; Kim, Kettlewell et al. 2003; Huang, Hong et al. 2005; Veith, Schafer
et al. 2006). Loss of Dmrt4 impaired neurogenesis in the olfactory epithelium (Huang,
Hong et al. 2005). The others have not been studied yet. Interestingly, Dmrta2 (Dmrt5)
has been found to be expressed in the lens of Platyfish transiently during early
development, suggesting that Dmrta2 may have function in lens development (Veith,
Schafer et al. 2006). In this chapter, we will show that the Dmrta2 is expressed in the
mouse lens, and is regulated by Pax6 during early lens development. Then we made a
conditional knockout of Dmrta2, and will describe the knockout phenotype.
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Materials and Methods

Mice. All animals were treated in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and with the approval of the Animal Studies Committee of
the Washington University School of Medicine. Pax6

the Pax6

fx/fx

CKO

mice are from the crossing between

mice and Lecre mice as previously described (Ashery-Padan, Marquardt et

al. 2000).

Laser microdissection and microarray analysis. E9.5 or E10.0 embryos were embedded in
OCT and snap frozen on dry ice for 10-15min. 10 µm frozen sections were transferred to glass
PEN foil slides (Leica Microsystems, #11505189). To avoid the separation of the foil and slides,
slides were dipped in 70% ethanol at 4°C for 1 min, washed in RNAase-free water twice for 30
Sec, rinsed in 95% ethanol, and stained in Eosin Y. Stained samples were washed in 95% ethanol
and dehydrated in 100% ethanol and xylene. The slides were dried and the lens placode or
prospective lens ectoderm was microdissected using a Leica LMD 6000 laser microdissection
system. Lens placodes or surface ectoderms from 3 wild type control embryos or 3 Pax6CKO
embryos are either pooled together or separate as individual samples. RNA was either isolated
from pooled sample or from 3 separate samples respectively using a Qiagen RNeasy Microkit
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(Qiagen#74004). Each RNA was then amplified into cDNA by using Nugen WT-Ovation™ Pico
RNA Amplification System (NuGEN Technologies Inc, #3300-12). cDNA samples obtained from
three amplification (either biologically or technically triplicates) were used to probe Illumina
Mouse6 bead microarrays . Microarray data were analyzed using Illumina Beadstudio 3.0
software.

Dmrta2 conditional knockout. A full-length construct was retrieved from the BAC
vector, bQM 354M19. A neomycin resistance gene flanked by two loxP sites was inserted
487bp downstream of exon1, and another loxP site was inserted at 448bp downstream of
Exon2. This construct was introduced into embryonic stem (ES) cells through
homologous recombination. The targeted ES clones were initially screened by a probe
located 770bp downstream of the construct, the 3’Probe (a 582bp PCR fragment). The ES
clones were digested with SpeI, which was added during the construction to the LoxP site
downstream of the conditional arm. The resulting hybridization gave a WT fragment of
16.3kb and a correctly targeted fragment of 7.6kb. The positive ES clone was then
screened with a probe located 481bp upstream of the 5’ homology arm, the 5’ Probe (a
399bp PCR fragment). The ES clones were digested with HindIII and the resulting
hybridization yielded a WT fragment of 6.8kb and a correctly targeted fragment of 8.0kb.
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The targeted ES cells were then injected into blastocysts, which were then injected into
the uterus of a pregnant female. The chimeric offspring were screened by PCR.

Primers for genotyping are:
Forward: 5’-CATTTAGCTGGGCCTTCTCC-3’
Reverse: 5’-GAGAGA AACGGAGCCAGAGC-3’

The target allele should give a 350bp PCR product, and the wild type allele should
give a 254bp PCR product.

The chimeric offspring carrying the target allele was either intercrossed, or crossed
with Sox2Cre to get the animal carrying one null allele (Hayashi, Lewis et al. 2002). The
animal having one null allele and one wild type allele are then intercorssed to make
double null allele.

Immunostaining on paraffin sections. Embryos were fixed as described above,
embedded in 5 % agarose, processed and embedded in paraffin and sectioned 4 μm. For
morphological studies, sections were stained with hematoxylin and eosin (Surgipath,
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Richmond, IL). For antibody staining, the slices were deparaffinized and rehydrated.
Endogenous peroxidase activity was inactivated with 3% H2O2 in methanol for 30 min at
room temperature for those samples that would be treated for horseradish peroxidase
(HRP). Epitope retrieval was performed in 0.01 M citrate buffer (pH 6.0) by placing the
slides in a pressure cooker for 3 min. Slides were then incubated in blocking solution
containing 20% inactivated normal donkey serum for 30 min at room temperature
followed by incubation in primary antibodies overnight at 4° C. Slides were then
incubated for 1 hr at room temperature either with Alexa-Fluor-labeled secondary
antibodies (Molecular Probes, Eugene, OR) or biotinylated secondary antibodies (Vector
Laboratories, Burlingame, CA). Slides incubated with biotinylated secondary antibodies
were treated with the ABC-peroxidase reagent from Vectastain Elite ABC Kit (Vector
Laboratories, Burlingame, CA) followed by treatment with diaminobenzidine (Dabrowski
and Alwine) (Sigma, St. Louis, MO) and H202. The slides were washed with PBS, and
counterstained with hematoxylin (Surgipath, Richmond, IL).

In situ hybridization on frozen sections. Frozen sections were fixed in 4%
paraformaldehyde/PBS, treated with proteinase K (10 μg/ml), post-fixed in 4%
paraformaldehyde/PBS and acetylated in triethanolamine-acetic anhydride solution.
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Samples were pre-hybridized in 50% formamide, 5×SSC, 5 mM EDTA, 1×Denhardt's,
100 ug/ml heparin, 0.3 mg/ml yeast tRNA and 0.1% Tween-20, incubated in the same
solution with riboprobes overnight, washed with 0.2×SSC, blocked in 10% lamb serum
and incubated with anti-digoxigenin antibody overnight. The color reaction was
developed using NBT and BCIP in the dark. After the reaction was completed, the slides
were washed in PBS, fixed in 4% paraformaldehyde/PBS and mounted in 100% glycerol.
Digoxigenin-labeled riboprobes were synthesized from cDNA generated from RNA
isolated from wild-type E9.5 embryos using the following PCR primer pairs:
Dmrta2: 5’-gttgcggtatttgtcgctctc-3’
5’-cactcacccgacgctctattc-3’
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Results

Dmrta2 co-localized with Pax6, and was regulated by Pax6. Previous studies have
shown that Dmrt family members are expressed in brain, olfactory placode and otic
placode, in addition to the gonad (Smith, Hurley et al. 2002; Kim, Kettlewell et al. 2003;
Huang, Hong et al. 2005; Veith, Schafer et al. 2006). Our microarray data found that
Dmrta2 is also expressed in the lens placode. Microarray analysis suggested that Dmrta2
(Dmrt5) gene expression is high in lens placode, compared with other Dmrt family
members, such as Dmrt3, a1, c1a (Table 1). Other members of the Dmrt family are not
detectable in lens placode. Interestingly, Dmrta2 expression in the lens placode was
significantly decreased in Pax6CKO surface ectoderm suggesting that Pax6 regulates
Dmrta2 in the lens placode.

To confirm the microarray data, we performed double staining for Dmrta2 mRNA
and Pax6 protein. The results showed that, in the eye area, the lens expresses Dmrta2 at
relatively high level, while the optic cup shows a lower level of Dmrta2 expression
(Fig.1A). Outside the eye area, Dmrta2 expression was found in the olfactory placode and
forebrain (Fig. 1C). In all of these area, the Pax6 protein co-localized with Dmrta2
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(Fig.1B,D). Furthermore, in Pax6CKO embryos, the expression of Dmrta2 decreased in the
presumptive lens surface ectoderm (Fig.1E, F), confirming that Pax6 regulates Dmrta2
expression in lens placode.

Loss of Dmrta2 causes early embryonic lethality. To study the function of Dmrta2, we
generated a conditional allele of Dmrta2, in which a neomycin resistance gene flanked by
two loxP sites 487bp downstream of exon1. Another loxP site was inserted at 448bp
downstream of exon2 (Fig.2). One of the chimeric mice successfully gave germline
transmission. However, animals homozygous for the conditional allele have not been
found, either in the offspring or in embryos after E7.5, while animals heterozygous for
the conditional allele are viable. This result suggested that insertion of neomycin cassette
into Dmrta2 locus disrupted the function of Dmrta2, and animals that are homozygous for
the insertion are functionally null, resulting in early embryonic lethality or implantation
defects (although “empty” implantation sites were present at E7.5. However, the early
embryonic lethality or implantation defects could result from the disruption of other
genes close to Dmrta2 locus by the insertion of neomycin cassette. Therefore, to examine
whether the insertion of neomycin cassette disrupted Dmrta2 gene or other genes, we
crossed the chimeric offspring with Sox2Cre animals to get a Dmrta2 null animals. Again
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the animals homozygous for the null allele have not been found in the offspring,
suggesting that loss of Dmrta2 lead to embryonic lethality.
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Discussion

This study found that Dmrt family members are expressed in the lens placode. One
of the family members, Dmrta2 is highly expressed, and its expression in the lens placode
is consistently regulated by Pax6 in four microarray analyses and by in situ hybridization.
Although it is strange that a gene related to the sexual development is expressed in the
lens placode, this is not the first such case. Mab21l1, another gene related to this family
(“mab” stands for “male abnormal,” was discovered in lens placode, where its expression
is regulated by Pax6, as well. In Mab21l1 mutant embryos, the lens placode thickened
less and was narrower than in the Mab21l1 hemizygous embryos, and the cell
proliferation was reduced, suggesting that Mab21l1 has a cell-autonomous role in lens
placode formation (Yamada, Mizutani-Koseki et al. 2003) .

To examine the role of Dmrta2, we generated a targeted allele of Dmrta2. However,
it seems that the insertion of neo cassette into Dmrta2 locus inactivated Dmrta2, since
homozygosity for the mutation resulted in early embryonic lethality, or an implantation
defect. In the future studies, the neo cassette will be removed from ES cell by Cre
transfection, and we will screen for the new targeted allele in chimeric mice. Once we
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have successfully transmitted the target allele to germline, we will start to look at the
function of Dmrta2 in both early and late lens development.
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Table

Table 1. Gene expression of Dmrt family members in lens placode
Gene*

WT avg.

KO avg.

Fold change

**P value

Dmrt3

37.35

55.75

1.49

>0.5

Dmrta1

65.25

124.89

1.91

>0.5

Dmrta2

2932.12

1094.72

0.37

<0.001

Dmrtc1a

11.74

-3.42

-0.29

>0.5

*Genes that have the detection p values of 2out of 3 samples more than 0.05 are not listed.
**P value is calculated from a t-test with tails number=2, and types number=3.
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Figures & Legends

Figure 1.
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Fig.1 The expression of Dmrta2 is co-localized with Pax6 and is regulated by Pax6 in
the lens.
A. Dmrta2 expression was found in the lens pit and optic cup at early developmental
stage.
B. Pax6 expression was co-localized with Dmrta2 in the lens pit and optic cup.
C. Dmrta2 expression was found in the olfactory placode and forebrain at early
developmental stage.
D. Pax6 expression was co-localized with Dmrta2 in the olfactory placode and forebrain.
E, F. Dmrta2 expression was regulated by Pax6 in the lens-forming ectoderm.
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Figure 2.
A

B

Fig.2 The construct to make a conditional knockout of Dmrta2 and Dmrta2
genotyping.
A. To knockout the essential exon 2 containing the start codon of Dmrta2, one neo
cassette flanked by two LoxP sites were inserted into the site that is ~ 1kb upstream of
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the exon2, another loxP site inserted into the site that is ~1kb downstream of the
exon2.
B. Genotyping of Dmrta2 wild type and heterozygous mice
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Chapter 4 Pax6 Selectively Regulated Crystallin Expression in
Lens Placode

Abstract

Crystallins are water-soluble structural proteins in the lens of the eye. Their main
function was believed to increase the refractive index while not obstructing light.
Previous studies showed that most crystallins were not expressed until the lens fiber cells
differentiated. However, our studies on lens placode revealed that the crystallins, such as
Cryba1, Crybb3, Crygc, Crygd, Cryge and Crygn were transcribed in lens placode and
their transcriptions were regulated by Pax6.
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Introduction

Crystallins are the major water soluble proteins of the lens and contribute to the
transparency and refractive properties by a uniform concentration gradient in lens. There
are ubiquitous crystallins (α, β and γ-crystallins) that are found in all vertebrate lens and
taxon-specific crystallins that are present in selected species. The function of crystallins
was first considered to be a structrual protein of the lens. However, recent studies showed
that crystallins are more than inanimate building blocks of the transparent lens fiber cells.
They also have non-refractive functions as they do in other tissues. For example, α
crystallins (Cryaa and Cryab crystallin) are small heat shock proteins, and act as
molecular chaperones to prevent protein misfolding and inhibit the denaturation and
aggregation of lens proteins (Bhat 2003; Horwitz 2003). They can also bind to β and γ
crystallins (Cryba1-4, Crybb1-3 and Cryga-f, n, s), and make the complex soluble and
stable (Bours 1996; Goishi, Shimizu et al. 2006). Interestingly, α crystallin has also been
shown to have a role in the nucleus, which was supported by the finding that a subset of
lens epithelial in Cryab knockout mice showed hyperproliferation and genomic instability.
Cryab also prevent stress and provide thermotolerance in numerous tissues.
Taxon-specific soluble proteins that are more related to metabolic enzymes such as
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glutathione S-transferase and aldehyde dehydrogenase (Wistow 1993; Tomarev and
Piatigorsky 1996). In contrast, β and γ crystallins appear to have a distant relationship to
other proteins (Wistow 1993), and their function is still not clear. Because most if not all
crystallins appear to be multifunctional proteins, mutations in these proteins have been
shown to result in cataracts both in humans and in animals (Russell, Smith et al. 1979;
Garner, Garner et al. 1981; Lubsen, Renwick et al. 1987; Litt, Carrero-Valenzuela et al.
1997; Berry, Francis et al. 2001; Bateman, von-Bischhoffshaunsen et al. 2007; Richter,
Flodman et al. 2008).

Although crystallins are highly diversified, they have been derived from
duplication(s). For example, the α crystallin gene duplication occurred at least 500
million years ago (de Jong, Leunissen et al. 1993). β and γ crystallins are related and
clustered by multiple duplication of a common ancestral sequence (Inana, Piatigorsky et
al. 1983; Breitman, Lok et al. 1984; Aarts, Den Dunnen et al. 1987; Aarts, Jacobs et al.
1989). However, in spite of their clustering, crystallins either within or between the same
classes have distinct expression both spatially and temporally. Previous studies showed
that, in mouse embryos, the Cryab were the first to be expressed in lens placode,
followed by Cryaa at the transition from lens pit to lens vesicle (Robinson and Overbeek
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1996). β and γ crystallins were only found in the subsequent developing lens (Goring,
Breitman et al. 1992; Xiao, Liu et al. 2006). However, the approaches in the early studies,
such as the northern blot might be not sensitive enough to detect the small amount of
transcription of crystallins, and the lack of specific antibodies for the highly homologous
crystallins make it unclear whether the specific type of crystallins are translated.
Therefore the expression of crystallin genes need to be examined carefully.

Recent studies on crystallin expression revealed many signaling pathways and
transcription factors responsible for the spatial and temporal pattern of crystallin genes
expression. Fgf and Bmp signaling pathways are essential for crystalline expression
(Faber, Robinson et al. 2002; Zhao, Yang et al. 2008; Rajagopal, Huang et al. 2009).
Transcription factors, such as Pax6, Maf, Prox1 and Sox1, are well known regulators of
crystalline genes expression. These transcription factors can be either synergistic or
antagonistic (Nishiguchi, Wood et al. 1998; Ring, Cordes et al. 2000; Yang, Chauhan et
al. 2004; Yang and Cvekl 2005; Yang, Stopka et al. 2006). Some of these transcription
factors even have a dual role, acting as both an activator and a repressor of crystallin
expression (Duncan et al., 1998). For example, studies on Pax6 have shown that Pax6
activates the promoters of Cryaa and Cryab, however, represses the promoter of Crybb1
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and Cryge/f in cotransfection tests (Duncan, Haynes et al. 1998; Cvekl, Yang et al. 2004;
Yang, Chauhan et al. 2004). However, most of these experiments are in vitro. Therefore,
more examination in vivo is required for certainty. In this study, we showed that Cryab,
Cryba1, Crybb3, Crygc, Crygd, Cryge and Crygn are expressed in lens placode, and the
transcription of βB3, γC and γE crystallins are regulated by Pax6.
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Material and Methods

Mice. All animals were treated in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and with the approval of the Animal Studies Committee of
the Washington University School of Medicine. Pax6

CKO

mice are from the crossing between

the Pax6 fx/fx mice and Lecre mice as previously described (Ashery-Padan, Marquardt et
al. 2000).

Laser microdissection and microarray analysis. E9.5 or E10.0 embryos were embedded in
OCT and snap frozen on dry ice for 10-15min. 10 µm frozen sections were transferred to glass
PEN foil slides (Leica Microsystems, Cat#11505189). To avoid the separation of the foil and
slides, slides were dipped in 70% ethanol at 4°C for 1 min, washed in RNAase-free water twice
for 30 Sec, rinsed in 95% ethanol, and stained in Eosin Y. Stained samples were washed in 95%
ethanol and dehydrated in 100% ethanol and xylene. The slides were dried and the lens placode
or prospective lens ectoderm was microdissected using a Leica LMD 6000 laser microdissection
system. Lens placodes or surface ectoderms from 3 wild type control embryos or 3 Pax6CKO
embryos are pooled together and extracted RNA respectively using a Qiagen RNeasy Microkit
(Qiagen#74004). Each RNA was then amplified into cDNA by using Nugen WT-Ovation™ Pico
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RNA Amplification System (NuGEN Technologies Inc, #3300-12). cDNA samples obtained from
three amplification (technically triplicates) were used to probe Illumina Mouse6 bead
microarrays . Microarray data were analyzed using Illumina Beadstudio 3.0 software.

Quantitative Real-time PCR (qRT-PCR). qRT-PCR was performed using a CFX96TM
real time PCR detection system (BioRad, Hercules, CA), selected gene primers, cDNA
template and SYBR Green JumpStart™ Taq ReadyMix™ (Sigma, St. Louis, MO) under
the following conditions: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s, 55 °C
for 10 s and 72 °C for 30 s. All reactions were performed in triplicate. β-Actin and
GAPDH was included in each assay as a loading control. Primer pairs were designed
using Oligo Analysis software (Integrated DNA Technologies, Inc., Coraville, IA). The
primer sequences and the length of the corresponding amplified products are shown in
Table 2. For each gene, the qRT-PCR experiments were repeated three times with the
same cDNAs. Changes (x-fold) in gene expression level were calculated by the 2ΔΔct
method. Statistical analysis was performed using Excel software (Microsoft, Cupertino,
WA).
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Results

Previous studies showed that crystallins are generally fiber cell differentiation
markers, and will not express until fiber cells exit the cell cycle and receive the signal to
differentiate (Goring, Breitman et al. 1992; Xiao, Liu et al. 2006). Only Cryab was found
in the lens placode and was considered to be the first crystallin to be expressed (Robinson
and Overbeek 1996). However, we found from microarray analysis on differential
expressed genes in the lens placode of wild type and Pax6CKO embryos that not only
Cryab is expressed in the lens placode, but Cryba1, Crybb3, Crygc, Crygd, Cryge and
Crygn are expressed in lens placode at relatively high level (average signal higher than
30). In contrast, Cryba4, Crybb2, Crygc, Crygf and Crygs are expressed, if at all, at
relatively low level (average signal higher than 0 but lower than 30), while the level of
Cryaa, Cryba2, Crybb1, Cryga, Crygd expression are non-detectable (average signal
lower than 0) (Table 1). This is the first evidence that β and γ crystallin expression
preceeds fiber cell differentiation.

In addition, the mRNA level of Crybb3, Crygd and Cryge was significantly
decreased in Pax6CKO surface ectoderm. Our previous studies of microarrays also
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suggested that Crygc maybe another potential target of Pax6. In contrast, the rest of the
crystallin genes expressed in lens placode are not changed, including previously proved
Pax6- activated gene Cryab, and Pax6- repressed gene, Crygf (Duncan, Haynes et al.
1998; Cvekl, Yang et al. 2004; Yang, Chauhan et al. 2004) .

In order to confirm the microarray data, we performed quantitive real time PCR
(qRT-PCR) for some of the crystallins. We examined the expression of Crybb3 and Crygc,
as they are decreased in the Pax6CKO surface ectoderm, and Cryab as a known target of
Pax6. Our results of qRT-PCR showed that the expression of Crybb3 and Crygc were
significantly decreased in Pax6CKO surface ectoderm to an extent much higher than we
saw in microarray results, suggesting the qRT-PCR is a more sensitive way to quantify
transcript levels. In addition, we found the expression of Cryba1 is not detectable at all in
Pax6CKO surface ectoderm, while it is detectable in wild type lens placode (data not
shown) suggesting that Cryba1 is another candidate genes regulated by Pax6. However,
to our surprise, we could not find any change in Cryab transcription, suggesting that Pax6
did not regulate Cryab at this stage (Fig.1).
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Discussion

This study showed that the lens placode expresses a variety of crystallins, including
Cryba1, Crybb3, Crygc, Crygd, Cryge and Crygn, which were previously thought only
expressed at later stage when lens fiber cells begin to differentiate. This result also
showed that although many of the crystallin genes are clustered, their expression patterns
are not always associated.

We also showed that Pax6 regulated the expression of Crybb3 and Crygc. However,
we were not able to confirm that Cryab is activated by Pax6, or Cryge/f is repressed by
Pax6, as suggested in previous studies. Our result is more consistent with the finding that
Cryab expression was maintained in the lens that has Pax6 deleted at a later stage
(Shaham, Smith et al. 2009), suggesting that Pax6 may be not required for Cryab
expression at both stages.

Although we have shown that crystallin mRNAs are present in the lens placode, we
are not able to prove these crystallins are translated, since the antibodies for crystallins
are not subtype specific. In the future studies, we would like to examine if the crystallin
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protein is being translated by performing experiments, such as sucrose gradient
centrifugation to separate the non-translating (nonpolysomal) or potentially translating
(polysomal) mRNA and look at whether the crystallin mRNA is being translated. If they
are translated, it will be interesting to examine their functions in lens placodes.
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Tables
Table.1 Crystallin genes expression in lens placode
Gene

WT avg.

KO avg.

Fold change

*P value

Cryaa

N/D

N/D

N/A

N/A

Cryab

37.29

22.62

0.61

>0.05

1

52.81

54.92

1.04

>0.05

2

Cryba1

63.78

55.56

0.87

>0.05

Cryba2

ND

ND

N/A

N/A

Cryba4

24.46

21.06

0.86

>0.05

Crybb1

N/D

N/D

N/A

N/A

Crybb2

N/D

N/D

N/A

N/A

Cryba1

1

Crybb3

55.88

12.73

0.23

>0.05

Crybb3

2

76.56

-6.39

-0.08

<0.01

Crybb3

3

1017.68

708.56

0.70

<0.05

Cryga

N/D

N/D

N/A

N/A

Crygb

66.47

25.99

0.39

>0.05

111.18

8.66

0.08

<0.05

85.76

16.92

0.20

<0.05

Cryge

184.87

3.34

0.02

<0.01

Crygf

Crygc**
Crygd

1

N/D

N/D

N/A

N/A

Crygn

1

N/D

N/D

N/A

N/A

Crygn

2

N/D

N/D

N/A

N/A

Crygn

3

206.75

98.46

0.48

>0.05

N/D

N/D

N/A

N/A

Crygs

N/D: not detectable if the detection p values of 2out of 3 samples are more than 0.05,
N/A: not available
Superscript number after each gene represents the different probe set, *p value is calculated from a
t-test with tails number=2, and types number=3.
** From other microarrays
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Table 2. The primer sequences for aRT-PCR

Gene

Primer sequence for qRT-PCR

Cryab

Forward:5’-TCCCTGTCATCTGATGGAGTC-3’;
Reverse: 5’-CACTGATGGGAAACTTCCTTG-3’

Crybb3

Forward: 5’-GAATTCCGCCACTGGAAC-3’
Reverse:5’-GTGGGCTTTATTGAGCAGGTT-3’

Crygc

Forward : 5’-TACCAGCAGTGGATGGGTTTCAG-3’
Reverse: 5’-CTTGAGGCCTCAGCAGATACTGG-3’
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Figures & Legends
Figure 1.

Fig.1 Quantitative real time PCR for crystallin genes expression in the lens placode.
The expression of each gene in wild type lens placode was normalized to 1.
(A) Cryab expression is not changed in Pax6CKO surface ectoderm when either
normalized with β-Actin or Gapdh.
(B) Crybb3 expression is significantly decreased in Pax6CKO surface ectoderm, either
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normalized with β-Actin (2) or Gapdh(3).
(C) Crygc expression is significantly decreased in Pax6CKO surface ectoderm, either
normalized withβ-Actin (2) or Gapdh (3).
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Chapter 5 Conclusions and Future Directions

The mechanism of lens placode formation.
As a first step toward identifying the mechanism(s) leading to lens placode formation,
studies in this dissertation have determined that the lens placode thickening in wild type
embryos, although accompanied by a two-fold increase in cell density and a constant
contact area between the surface ectoderm and the optic vesicle, was not associated with
an increase in cell proliferation, a decrease in the rate of cell death or an increase in cell
volume. Then I used Pax6CKO embryos, in which the lens placode fails to form, as a tool
to further explore the mechanism of lens placode formation. Microarray analysis revealed
that many transcripts encoding extracellular matrix (ECM) components were decreased in
the lens-forming surface ectoderm of Pax6CKO embryos. In addition, the contact area
between the surface ectoderm and the optic vesicle increased in Pax6CKO embryos and the
matrix between these tissues decreased. These observations suggested that the “Restricted
Expansion” model (continued proliferation in a restricted area) proposed by Hendrix and
Zwaan can explain lens placode formation. Then I tested this hypothesis genetically by
decreasing the expression of Fibronectin1 (Fn1), a gene crucial for ECM assembly and
accumulation. This would presumably reduce the adhesion between the lens-forming
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surface ectoderm and optic vesicle. The lens placode failed to form in Fn1-deficient
embryos. However, cell proliferation, lens induction and lens differentiation were not
affected, and cell death was not increased to a sufficient level to cause the failure of lens
placode formation. These results suggest that the failure of lens placode formation in
Fn1-deficient embryos was due to a reduction of the adhesion between the lens-forming
surface ectoderm and optic vesicle, again supporting the “Restricted Expansion” model.

In the Fn1 knockout embryos, blocking lens placode morphogenesis prevented the
placode from invaginating, but did not affect the apical re-localization of the actin
cytoskeleton. This suggested that lens placode thickening is required for invagination,
possibly by increasing the density of actin filaments in the apical actin web.

Although my results are sufficient to account for lens placode formation they have
not ruled out other possibilities to explain placode formation. It remains possible that
non-placodal ectoderm cells migrate into the placode region, leading to a local increase in
cell density and placode formation. To determine whether peri-placodal cells enter the
presumptive placode region during its formation, I may use time lapse imaging in
embryos mosaic for GFP to track the movement of individual cells during placode
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formation in wild type embryos.

In the “Restricted Expansion” model, sustained proliferation is another key factor for
lens placode formation. In future studies, I will perform experiments in which
proliferation is blocked to test this hypothesis. Such experiments can be done in vitro or
in vivo. Eye development proceeds when embryo heads are cultured from E9.5 to E11.5
in vitro. Proliferation can be blocked by adding aphidicolin, an inhibitor of DNA
synthesis (Spadari, Pedrali-Noy et al. 1984). I predict that treatment with aphidicolin will
prevent lens placode formation by blocking cell proliferation.

Proliferation may also be blocked in vivo by conditionally deleting the genes
regulating proliferation in the surface ectoderm. Cdc25a-c phosphatases, which promote
cell cycle progression by activating cyclin-dependent protein kinases, are potential targets
to knockout in the surface ectoderm. Previous studies suggested that Cdc25a-c are
required for cell proliferation in embryos and adult mice (Lee, White et al. 2009).
Conditionally deleting Cdc25s in the lens-forming surface ectoderm should locally
reduce the cell proliferation there, allowing me to test the importance of cell proliferation
in lens placode formation.
124

These further analyses will help us better understand the mechanism of lens placode
formation and may serve as a guideline for understanding the formation of the other
placodes.

The mechanism of retinal placode formation.
Studies in this dissertation have discovered that the distal optic vesicle thickens along
with the lens placode formation, suggesting the formation of a "retinal placode." Further
analysis on Pax6SEKO and Bmpr1a;Acvr1DSEKO embryos suggested that the retinal placode
formation correlated with optic vesicle invagination. The correlation between lens
placode formation and retinal placode formation suggests that these structures may form
by a similar mechanism.

To further explore the mechanism of retinal placode formation and the role of lens
placode in retinal placode formation and invagination, I will further examine the cell
density, proliferation, death and volume in the distal optic vesicle of wild type embryos,
Pax6SEKO embryos and Bmpr1a;Acvr1DSEKO embryos. In addition, the cell movements and
the expansion of the contact area between the optic vesicle and the ectoderm in wild type
and knockout embryos will be tracked by time-lapse optical coherence microscopy
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(OCT), in collaboration with Dr. Larry Taber’s laboratory in the Department of
Biomedical Engineering.

To determine if the ECM plays a role in retinal placode formation, as it appears to do
in lens placode formation, I will further analyze the phenotypes of the Fn1-deficient
embryos mentioned above by measuring cell density, proliferation, death and volume in
the distal optic vesicle. These measurements add to our understanding of how the retinal
placode forms and invaginates and the role played by the ECM in these processes.

Dmrta2 is required for early embryogenesis and is regulated by Pax6 in lens
placode.
By comparing the transcripts in wild type lens placodes and Pax6CKO surface
ectoderm, I identified downstream target genes regulated by Pax6. One of these candidate
genes is Dmrta2, which belongs to a family of genes related to sexual differentiation. In
situ hybridization and immunostaining showed that Dmrta2 and Pax6 co-localize in the
lens, nasal placode and forebrain, where Pax6 is required for these tissues development
(Manuel, Price et. 2005; Quinn, West et al. 1996). Moreover, the expression of Dmrta2 in
lens-forming surface ectoderm is reduced in Pax6CKO embryos. This observation
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confirmed the microarray results suggesting that Pax6 directly or indirectly regulates the
transcription of Dmrta2. To study the role of Dmrta2 in lens development, we made mice
carrying a null allele for Dmrta2 gene. However, no homozygous germline knockout
embryos have been found at E7.5, indicating that loss of Dmrta2 is early embryonic lethal.
We are making a conditional knockout of Dmrta2, and will use it to determine the
function of this gene in lens development and in the adult lens.

Pax6 selectively regulates the expression of crystallin genes in the lens placode.
Our microarray analysis revealed that several crystallin genes, such as Crybb3,
Crygc and Cryge, were transcribed in lens placode, where their expression was regulated
by Pax6 and by BMP signaling. This observation was confirmed by in situ hybridization
and qRT-PCR, indicating that the crystallin genes are already transcribed at the lens
placode stage. However, the crystallin proteins were not detected until the fiber cell
differentiation started, suggesting that translational control mechanisms regulate
crystallin protein expression. In future studies, I will perform experiments, such as
sucrose gradient centrifugation, to examine if crystallin mRNA is located primarily in the
non-polysomal fraction, and, therefore, not being translated. These experiments will
reveal a novel mechanism of controlling gene expression during lens development.
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FGF-regulated BMP signaling is required for eyelid closure
and to specify conjunctival epithelial cell fate
Jie Huang1, Lisa K. Dattilo1, Ramya Rajagopal1, Ying Liu1, Vesa Kaartinen3, Yuji Mishina4, Chu-Xia Deng5,
Lieve Umans6,7, An Zwijsen6,7, Anita B. Roberts8 and David C. Beebe1,2,*
There are conflicting reports about whether BMP signaling is required for eyelid closure during fetal development. This question
was addressed using mice deficient in BMP or TGFβ signaling in prospective eyelid and conjunctival epithelial cells. Genes encoding
two type I BMP receptors, the type II TGFβ receptor, two BMP- or two TGFβ-activated R-Smads or the co-Smad Smad4 were deleted
from the ocular surface ectoderm using Cre recombinase. Only mice with deletion of components of the BMP pathway had an
‘eyelid open at birth’ phenotype. Mice lacking Fgf10 or Fgfr2 also have open eyelids at birth. To better understand the pathways
that regulate BMP expression and function during eyelid development, we localized BMPs and BMP signaling intermediates in
Fgfr2 and Smad4 conditional knockout (CKO) mice. We found that Fgfr2 was required for the expression of Bmp4, the normal
distribution of Shh signaling and for preserving the differentiation of the conjunctival epithelium. FGF signaling also promoted the
expression of the Wnt antagonist Sfrp1 and suppressed Wnt signaling in the prospective eyelid epithelial cells, independently of
BMP function. Transcripts encoding Foxc1 and Foxc2, which were previously shown to be necessary for eyelid closure, were not
detectable in Smad4CKO animals. c-Jun, another key regulator of eyelid closure, was present and phosphorylated in eyelid periderm
cells at the time of fusion, but failed to translocate to the nucleus in the absence of BMP function. Smad4CKO mice also showed
premature differentiation of the conjunctival epithelium, conjunctival hyperplasia and the acquisition of epidermal characteristics,
including formation of an ectopic row of hair follicles in place of the Meibomian glands. A second row of eyelashes is a feature of
human lymphedema-distichiasis syndrome, which is associated with mutations in FOXC2.

INTRODUCTION
Eyelid formation from the surface ectoderm and the underlying
periocular mesenchyme involves four processes: eyelid
specification, growth, closure and re-opening. In mice, eyelid
specification begins by embryonic day (E) 9, when the expression
of the transcription factor Foxl2 defines the future location of the
eyelids dorsal and ventral to the globe (Swindell et al., 2008). At
E11.5, invagination of the dorsal and ventral periocular ectoderm
signals the beginning of the period of eyelid growth. The resulting
eyelid folds grow towards each other across the surface of the eye
between E11.5 and E15.5. At E15.5, a projection of the outer,
peridermal layer of the ectoderm extends from the eyelid margins
across the cornea until the periderm extensions meet and fuse. The
two lids separate at ‘eye opening’ on about postnatal day 10 (P10)
(Findlater et al., 1993).
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The closing eyelids are constituted by a loosely organized
mesenchyme and the overlying epithelium. The eyelid epithelium
differentiates into the palpebral epidermis (outer surface of the
eyelid) and the palpebral conjunctiva (inner surface of the eyelid).
The palpebral conjunctiva is continuous with the bulbar conjunctiva
(the epithelium covering the anterior periphery of the globe), which
is continuous with the corneal epithelium on the most anterior
surface of the globe (Fig. 1).
After eyelid closure, the palpebral epidermis differentiates as part
of the skin. Stratification and keratinization begin, and the regularly
spaced hair follicles of the eyelashes form at the margins of the lids.
However, the conjunctival epithelium does not stratify until after the
eyelids re-open and it remains non-keratinized throughout life. The
mature conjunctival epithelium contains abundant goblet cells,
which produce mucus that is important for the properties of the tear
film. Soon after birth, the Meibomian glands, which produce a lipid
component of the tears, form by in growth of the conjunctival
epithelial cells near the inner surface of the lid margin (Findlater et
al., 1993).
Defects in eyelid growth or fusion may cause the eyelids to be
open at birth (EOB). A surprising number of genes and signaling
pathways are required for eyelid closure. An EOB phenotype is seen
in mice with germline deletion of activin β-B (Inhbb), MEK kinase1
(Map3k1), c-Jun N-terminal kinase (Mapk8), c-Jun (Jun), the
epidermal growth factor (EGF) family members HB-EGF (Hbegf)
and transforming growth factor α (Tgfa), and their receptor (Egfr),
fibroblast growth factor 10 (Fgf10), its receptor (Fgfr2), the
forkhead transcription factors Foxc1 and Foxc2, and the Wnt
antagonist Dkk2 (Gage et al., 2008; Kidson et al., 1999; Kume et al.,
1998; Li et al., 2001; Li et al., 2003; Luetteke et al., 1994; Luetteke
et al., 1993; Miettinen et al., 1995; Mine et al., 2005; Smith et al.,
2000; Takatori et al., 2008; Tao et al., 2005; Vassalli et al., 1994;
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MATERIALS AND METHODS
Mice genotyping and mating

The following genetically modified mice were used in this study: Le-Cre
(Ashery-Padan et al., 2000), Acvr1 flox (Dudas et al., 2004), Bmpr1a flox
(Gaussin et al., 2002), Smad4 flox (Yang et al., 2002), Smad1 flox (Huang
et al., 2002), Smad5 flox (Umans et al., 2003), Smad2 flox (Piek et al., 2001),
Smad3 germline knockout (Roberts et al., 2006), Fgfr2 floxed (Yu et al.,
2003), Tgfbr2 floxed (Chytil et al., 2002), presenilin 1 floxed (Yu et al.,
2001), presenilin 2 germline knockout (Steiner et al., 1999) and TOPGAL,

a Wnt reporter strain (DasGupta and Fuchs, 1999). Matings between mice
that were homozygous for the floxed allele, only one of which was Crepositive, resulted in litters in which about half of the offspring were Crepositive (conditional knockout, CKO). The others were Cre-negative (wild
type). Noon of the day when the vaginal plug was detected was considered
as embryonic day (E) 0.5 of development. Embryos were collected at the
desired stages (n=3 to 5 for each genotype and stage).
Histology

Embryo heads were fixed in 4% paraformaldehyde/PBS overnight at 4°C,
dehydrated through a series of ethanol concentrations, embedded in paraffin
and sectioned at a thickness of 4 μm. For morphological studies, sections
were stained with Hematoxylin and Eosin (Surgipath, Richmond, IL, USA).
In situ hybridization

Frozen sections were fixed in 4% paraformaldehyde/PBS, treated with
proteinase K (10 ug/ml), post-fixed in 4% paraformaldehyde/PBS and
acetylated in triethanolamine-acetic anhydride solution. Samples were prehybridized in 50% formamide, 5⫻SSC, 5 mM EDTA, 1⫻Denhardt’s, 100
ug/ml heparin, 0.3 mg/ml yeast tRNA and 0.1% Tween-20, incubated in the
same solution with riboprobes overnight, washed with 0.2⫻SSC, blocked
in 10% lamb serum and incubated with anti-digoxigenin antibody overnight.
The color reaction was developed using NBT and BCIP in the dark. After
the reaction was completed, the slides were washed in PBS, fixed in 4%
paraformaldehyde/PBS and mounted in 100% glycerol.
Digoxigenin-labeled riboprobes were synthesized from cDNA generated
from RNA isolated from wild-type E15.5 eyelids using the following PCR
primer pairs:
Foxc1, 5⬘-CCAGAAAGTGTTCCAAAAGC-3⬘ and 5⬘-GAAACCACCCCAGACTAATG-3⬘;
Foxc2, 5⬘-GCCACCTCCTGGTATCTGAAC-3⬘ and 5⬘-CTGGGCAAGAACAAAATAGCC-3⬘;
BMP4, 5⬘-TGGTAACCGAATGCTGATGG-3⬘ and 5⬘-GGCGACGGCAGTTCTTATTC-3⬘;
Sfrp1, 5⬘-ATCCCCCTCTTTCTGCCTTAG-3⬘ and 5⬘-GAAATACCTCTGGGCACTTGG-3⬘;
Dkk2, 5⬘-TTTACAAAGTGGGTTCCCTTG-3⬘ and 5⬘-CTCCATTTTCACATCACAAAGC-3⬘.
Probe for patched 1 was a kind gift from Dr David Ornitz (Washington
University, St Louis, MO, USA). Gene expression patterns were compared
between CKO and wild-type littermates and each in situ hybridization was
performed at least twice.
Immunofluorescence staining

Frozen sections were warmed to room temperature and then fixed in 4%
paraformaldehyde/PBS. After three washes in PBS, the samples were treated
with 3% H2O2 in methanol to quench endogenous peroxidase activity,
blocked in 5% goat serum/0.1% Triton X-100, incubated in primary
antibody overnight, washed and processed with tyramide amplification. The
antibodies for pSmad1/5/8 and p-c-Jun were from Cell Signaling
Technology (Danvers, MA, USA). The keratin 14 and keratin 10 antibody
was from Covance Research Products (Denver, PA, USA). The keratin 4
antibody was from Sigma-Aldrich (St Louis, MO, USA). The Dkk2
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
X-gal staining

Staged embryos expressing a lacZ reporter gene were fixed 4% in
paraformaldehyde/PBS at 4°C for 30 minutes, washed twice in PBS with 2
mM MgCl2, 0.02% NP-40/0.01% deoxycholate (DOC), and stained with Xgal solution [5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 M MgCl2, 0.02% NP40/0.01% DOC NP-40, 1 mg/ml X-gal in PBS] for 5 hours at 37°C, postfixed with 4% paraformaldehyde for 1 hour, cryoprotected and, when
required, 10-μm sections were prepared.
BrdU and TUNEL staining and quantification

Pregnant female mice were injected with 50 mg/kg of a mixture of 10 mM
BrdU (Roche, Indianapolis, IN, USA) and 1 mM 5-fluoro-5⬘-deoxyuridine
(Sigma, St Louis, MO, USA) and sacrificed after 1 hour. A monoclonal antiBrdU antibody (diluted 1:250; Dako, Carpinteria, CA, USA) was used with
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Weston et al., 2004; Zenz et al., 2003; Zhang et al., 2003). Previous
studies suggested that activin β-B promotes eyelid closure by
activating a Smad-independent cascade involving MEK kinase1,
Jun N-terminal kinase (JNK) and c-Jun (Takatori et al., 2008;
Weston et al., 2004; Zhang et al., 2003). EGF family members
contribute to periderm migration by activating the ERK signaling
pathway (Mine et al., 2005). Upstream of the EGF cascade, c-Jun
increases EGF receptor expression (Li et al., 2003; Zenz et al.,
2003). FGF10 controls eyelid epithelial proliferation and periderm
migration by stimulating the expression of activin β-B and TGFα,
and by modulating the expression of sonic hedgehog (Shh) (Tao et
al., 2005). The administration of a short-acting Shh antagonist at E9
results in EOB (Lipinski et al., 2008). Recently, mice lacking the
Wnt antagonist Dkk2, showed EOB, indicating that Wnt activity
must be properly tuned during eyelid development.
It has not been clear whether bone morphogenetic protein (BMP)
signaling plays a role in eyelid closure. An EOB phenotype was
detected in one mouse strain in which Bmpr1a was conditionally
deleted in the ectoderm by using a keratin 14-driven Crerecombinase transgene (Andl et al., 2004). However, mice
overexpressing the BMP antagonist noggin under the control of the
human K14 or K5 promoters had eyelid defects, but no EOB
phenotype (Plikus et al., 2004; Sharov et al., 2003). Mice
overexpressing the inhibitory Smad Smad7, driven by the bovine K5
promoter, did have an EOB phenotype (He et al., 2002). However,
whether this phenotype was attributable to blocking TGFβ, activin,
or BMP signaling has not been clarified. In addition, overexpression
of BMP signaling antagonists or deficiencies in the BMP signaling
pathway cause other epithelial defects that may indirectly result in
EOB. For example, in some of these cases, the epidermal,
conjunctival and corneal epithelia were hyperplastic, and sweat
glands transdifferentiated into hair follicles (He et al., 2002; Plikus
et al., 2004).
To clarify the possible function of BMP signaling in eyelid
development, we conditionally deleted two type I BMP receptors,
two of the BMP-activated R-Smads or the co-Smad Smad4 in the
prospective eyelid epithelium beginning on E9. In each case, the
mice showed normal eyelid formation and adequate growth, but the
eyelid epithelia did not fuse, resulting in an EOB phenotype.
Deletion of the sole type II TGFβ receptor or the two activin- and
TGFβ-activated R-Smads did not interfere with eyelid closure.
Further analysis suggested that Fgf10 from the mesenchyme
activates Fgfr2 in the lid ectoderm. Fgfr2 signaling modulates Shh
levels, resulting in Bmp4 expression in the mesenchyme. FGF
signaling also inhibits Wnt signaling in the eyelid ectoderm,
independently of its effects on BMP expression. BMPs are required
for the expression of the transcription factors Foxc1 and Foxc2 in
the ectoderm, the nuclear translocation of activated c-Jun in
periderm cells, the proper timing of conjunctival epithelial
differentiation and the establishment of conjunctival epithelial cell
fate. In the absence of BMP signaling, ectopic hair follicles formed
on the inner edges of the eyelid at the expense of the Meibomian
glands, a feature of human lymphedema-distichiasis syndrome.
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Fig. 1. Wild-type mouse eyelid anatomy at E15.5. The components
of the normal ocular epithelia are color coded: bulbar conjunctiva,
purple; palpebral conjunctiva, pink; palpebral epidermis, dark red;
periderm, orange; cornea, blue.

a Vectastain Elite Mouse IgG ABC kit. Sections were counterstained with
Hematoxylin. Terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate nick end-labeling (TUNEL) was done with an
Apoptag kit (Chemicon, Temecula, CA, USA). The deparaffinized slides
were treated with 3% H2O2 in methanol for 30 minutes, followed by
proteinase K treatment (20 μg/ml) for 15 minutes. Slides were incubated
with TdT enzyme in equilibration buffer for 1 hour at 37°C. The reaction
was terminated with wash buffer provided by the manufacturer for 10
minutes at room temperature. Anti-digoxigenin-peroxidase conjugate was
added for 30 minutes at room temperature, followed by DAB and H2O2
treatment. Slides were counterstained with Hematoxylin.
BrdU and TUNEL-positive cells were counted in the ocular surface
epithelia at E14.5 in 4-5 sections from each embryo (wild type, n=6;
Smad4CKO, n=8). The means and standard error (s.e.m.) were calculated
from the pooled data. Differences were considered significant if P<0.05, as
determined by Student’s t-test.

Fig. 2. Eyelid defects in mice with deficiencies in BMP signaling.
(A-G) Hematoxylin and Eosin staining of frontal eye sections from wildtype (A,E), Acvr1;Bmpr1aDCKO (B), Smad4CKO (C,F), Smad1/5DCKO (D) and
Tgfbr2CKO (G) mice at postnatal day 3 (P3). Wild-type eyelids are fused
(arrow in A), whereas eyelids deficient in BMP signaling in the ectoderm
are separate (arrowheads in B-D). (E,F) Higher magnification views of
insets in A and C. (E) Eosin-stained keratin (arrow) and Hematoxylinstained keratinocytes (arrowhead) in wild-type eyelid palpebral
epidermis. (F) Ectopic Eosin-stained keratin-like protein (arrow) and
ectopic Hematoxylin-stained keratinocyte-like cells (arrowhead) in
Smad4CKO conjunctiva. Asterisks in E and F illustrate the hyperplasia in
the Smad4CKO conjunctiva. (G) Tgfbr2CKO neonate eyelids are fused
(arrow). Scale bars: 100 μm.

with EOB never closed, indicating that the phenotype resulted from
the failure of eyelid closure, not from premature eyelid opening (not
shown). Because only knockouts in the canonical BMP-Smad
pathway had an EOB phenotype, in the remainder of the studies
described we show only the phenotype of Smad4CKO mice to represent
the function of BMP signaling in eyelid closure. The ‘control’ eyelids
shown are all from homozygous flox, Cre-negative littermates.
Besides the EOB phenotype, eyes with BMP signaling
deficiencies showed hyperplasia and what appeared to be
keratinization of the conjunctival epithelium. As opposed to the twolayered epithelium seen in wild-type embryos, the conjunctival
epithelium comprised several cell layers, including a stratum
granulosum with dark, Hematoxylin-stained keratohyalin granules,
and an eosinophilic stratum corneum, which suggested
keratinization (Fig. 2E,F).
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RESULTS
BMP signaling is required for mouse eyelid
closure
To study the functions of BMPs in early eye development, we used
Cre recombinase to delete floxed alleles of key components of the
BMP signaling pathway. Transgenic Cre expression was driven by
a promoter that is first expressed at E9 in the lens placode and in the
ectoderm that later differentiates into the ocular surface epithelia
(Le-Cre) (Ashery-Padan et al., 2000). The ocular surface epithelia
targeted by the transgene include the palpebral epidermis, palpebral
conjunctiva, bulbar conjunctiva and corneal epithelium (AsheryPadan et al., 2000) (Fig. 1). Le-Cre mice were mated to mice with
floxed alleles of two of the three type I BMP receptors (Acvr1 and
Bmpr1a), two of the BMP-activated R-Smads (Smad1 and Smad5),
the two activin/TGFβ-activated R-Smads (Smad2 and Smad3), the
sole type II TGFβ receptor (Tgfbr2) or the co-Smad Smad4. Matings
were between Cre-positive homozygous flox and Cre-negative
homozygous flox animals, assuring that about half of the offspring
were Cre-positive and no animals received two copies of the
transgene.
In each knockout targeting the BMP pathway (Acvr1/Bmpr1a,
Smad1/5 and Smad4), Cre-positive animals had an eyelid-open-atbirth (EOB) phenotype (Fig. 2B-D). Offspring with conditional
deletion of one allele of the BMP pathway genes (Acvr1/Bmpr1a,
Smad1/5 and Smad4; not shown), both Tgfbr2 alleles (Fig. 2G), or
both Smad2 and Smad3 alleles (data not shown) had normalappearing, closed eyelids at birth and normal-appearing conjunctival
epithelium between E15.5 and birth. By examining embryos between
E16.5 and birth, we found that eyelids from the Cre-positive embryos
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Fig. 3. Cell proliferation in Smad4CKO eyelid epithelia
at E14.5. (A-D) BrdU staining in frontal eye sections from
wild-type upper eyelid (A), wild-type lower eyelid (C),
Smad4CKO upper eyelid (B) and Smad4CKO lower eyelid (D).
Red lines mark the approximate boundaries of the bulbar
and palpebral conjunctiva and the palpebral epidermis.
(E) Percentage of BrdU-labeled cells in each compartment.
Compared with wild-type animals, the BrdU labeling index
in Smad4CKO bulbar and palpebral conjunctival epithelia
was significantly increased. The y-axes indicate the mean
percentage of BrdU incorporation in each area assayed.
Error bars represent the s.e.m. *P<0.05, ***P<0.001. B,
bulbar conjunctiva; PC, palpebral conjunctiva; PE,
palpebral epidermis. Scale bar in A: 100 μm.

BMP signaling activates the expression of
transcription factors that are required for eyelid
closure
Expression of the forkhead transcription factors Foxc1 and Foxc2 is
required for eyelid closure (Kidson et al., 1999; Kume et al., 1998;
Smith et al., 2000). Foxc1 mRNA was present in wild-type upper
and lower eyelid epithelia (Fig. 4A), but undetectable in Smad4CKO
eyelids (Fig. 4C). Similarly, in wild-type embryos, Foxc2 mRNA
was expressed in palpebral conjunctival epithelial cells (Fig. 4D),
but could not be detected in Smad4CKO palpebral conjunctiva (Fig.
4F).
BMP signaling is required to promote the
translocation of c-Jun into the nuclei of migrating
periderm cells
c-Jun and the signaling cascade that leads to its phosphorylation are
required for eyelid closure (Li et al., 2003; Zenz et al., 2003). In
wild-type mice, a shelf of periderm cells begins to extend from the
margin of the eyelids at E15.0 (Fig. 5A), covering much of the
cornea by E15.5 (Fig. 5B). The nuclei of these periderm cells were
strongly stained by an antibody to phosphorylated c-Jun (Fig. 5A,B,
insets). In the Smad4CKO eyelid epithelium, the appearance of the lid
margin was comparable to that of wild type at E15.0 (Fig. 5C),
although, by E15.5, fewer migrating periderm cells were present
than in control eyes (Fig. 5D). In the Smad4CKO embryos, the levels
of phosphorylated c-Jun appeared to be lower than in wild-type
periderm cells and p-c-Jun staining was present in the perinuclear
cytoplasm, but not in the nuclei (Fig. 5C,D, insets). Thus, BMP

signaling is required for the full activation of c-Jun and for its
translocation into the nucleus to exert its function as a transcription
factor.
BMP expression and function is regulated by FGF
signaling during eyelid closure
Fgf10 signaling via Fgfr2 is essential for eyelid growth and closure
(Li et al., 2001; Tao et al., 2005). To determine whether there is a
relationship between FGF and BMP signaling, we deleted Fgfr2 in
the prospective eyelid epithelium using Le-Cre. Mice deficient in
Fgfr2 in the ectoderm showed an EOB phenotype, as described
previously (Garcia et al., 2005), and deficiencies in BMP expression
and function. In wild-type lower eyelids at E15.5, Bmp4 mRNA was
expressed in a cluster of mesenchymal cells underlying the palpebral
conjunctival epithelium (Fig. 6A, arrows), but Bmp4 transcripts
were undetectable in the lower eyelids of Fgfr2CKO mice (Fig. 6C).
Bmp4 mRNA was expressed in two groups of mesenchymal cells in
the wild-type upper eyelid: in a cluster corresponding to those found
in the lower eyelid (Fig. 6A, arrows) and in a cluster underlying the
palpebral epidermis (Fig. 6A, arrowheads). In the Fgfr2CKO upper
eyelid, Bmp4 mRNA accumulation in the mesenchyme underlying
the palpebral conjunctiva was not affected, but Bmp4 transcripts
were not detectable in the mesenchyme underlying the palpebral
epidermis (Fig. 6B).
A previous study found that Fgf10 maintains Shh expression in
the eyelid mesenchyme (Tao et al., 2005). We found that
hedgehog function in the mesenchyme, as measured by the
expression of the hedgehog receptor patched 1 (Ptch1), a direct
target of Shh signaling, was remarkably similar to the distribution
of Bmp4 transcripts (Fig. 6D). Moreover, the pattern of residual
Ptch1 expression in the Fgfr2CKO eyelid was similar to the pattern
of residual Bmp4 expression. Although Ptch1 expression was
preserved in the upper lid ectoderm and mesenchyme, it
diminished greatly in the lower lid ectoderm and mesenchyme of
Fgfr2CKO mice (Fig. 6E). Ptch1 expression was not affected in
Smad4CKO mice (Fig. 6F).
In agreement with the dependence of Bmp4 expression on Fgfr2,
nuclear staining for phosphorylated Smad1/5/8, the receptoractivated Smads that transduce BMP signals, was strong in wildtype epithelial cells (Fig. 6G,H), but greatly diminished in the upper
and lower eyelids of Fgfr2CKO mice (Fig. 6I,J). As in the Smad4CKO
eyelids, Foxc1 and Foxc2 mRNA was not detectable in Fgfr2CKO
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EOB caused by interruption of BMP signaling is
not due to decreased cell proliferation or
increased cell death
We investigated whether loss of BMP signaling contributed to the
failure of eyelid closure by affecting cell proliferation or cell death.
At E12.5, BrdU and TUNEL labeling were similar in wild-type and
Smad4CKO eyelids (not shown). However, a significant increase in
BrdU labeling occurred in the conjunctival epithelia of Smad4CKO
eyes at E14.5 (Fig. 3A-E). This observation was consistent with the
conjunctival hyperplasia seen at later stages. No increase in BrdU
labeling was detected in the palpebral epidermis (Fig. 3A-E) and no
change was seen in programmed cell death in any of the ocular
surface epithelia (not shown).

Fig. 4. Foxc1 and Foxc2 transcripts are greatly reduced in
Fgfr2CKO and Smad4CKO eyelids. (A-C) In situ hybridization for Foxc1
mRNA on frontal eye sections from wild-type (A), Fgfr2CKO (B) and
Smad4CKO (C) eyelids at E15.5. In wild-type eyelid (A), Foxc1 mRNA was
detected in the palpebral epithelium, palpebral conjunctiva, bulbar
conjunctiva, periderm and retina. In Fgfr2CKO (B) and Smad4CKO (C)
eyelids, Foxc1 mRNA was detectable only in the retina. (D-F) In situ
hybridization of Foxc2 mRNA on frontal eye sections from wild-type (D),
Fgfr2CKO (E) and Smad4CKO (F) eyelids. In wild type eyelids (D), Foxc2
mRNA was detected in the palpebral conjunctiva and retina at E15.5. In
Fgfr2CKO (E) and Smad4CKO (F) eyelids, Foxc2 mRNA was detectable only
in the retina. Scale bars: 100 μm.

conjunctival epithelia (Fig. 4B,E). Thus, FGF signaling controls
eyelid closure, at least in part, through the activation of BMP
signaling.
Activation of Fgfr2 suppresses Wnt signaling and
promotes the expression of Sfrp1 in a BMPindependent manner
Loss of Dkk2, a Wnt signaling antagonist, causes EOB, revealing
that excessive Wnt signaling can prevent eyelid closure (Gage et al.,
2008). To further assess the regulation of Wnt pathway signaling in
the ocular surface epithelia, we produced Fgfr2 and Smad4
conditional knockouts in the ectoderm in a TOPGAL background,
in which canonical Wnt signaling activates a β-galactosidase
reporter transgene (DasGupta and Fuchs, 1999). In wild-type (Crenegative) eyelids at E15.5, β-galactosidase staining was abundant in
hair follicles of the epidermis and in the conjunctival epithelium in
a band near the edge of the upper eyelid. Weaker staining was
present in a band along the edge of the lower eyelid (Fig. 7A,D). In
Fgfr2CKO eyes, TOPGAL reporter activity increased in intensity and
spread over the conjunctival epithelium of the upper and lower
eyelids (Fig. 7B,E). In Smad4CKO eyelids, β-galactosidase
expression was not increased, but had a different distribution from
wild type. Instead of localizing in a continuous band in the
peripheral conjunctival epithelium, staining was present in an extra
row of ectopic hair follicles in the upper and lower eyelids (Fig.
7C,F). A double row of eyelashes is called distichiasis. Because
distichiasis occurs in humans and mice haploinsufficient for FOXC2
(Fang et al., 2000; Kriederman et al., 2003), this finding is consistent
with our observation that BMP signaling was required for Foxc2
expression.
Although loss of Dkk2 expression causes EOB (Gage et al.,
2008), Dkk2 mRNA or protein expression was not affected in
Fgfr2CKO or in Smad4CKO eyelid epithelial cells (Fig. 8A-F). FGF
signaling modulates Shh expression in the eyelid and, in other
tissues, hedgehog signaling induces the expression of the Wnt
antagonist, secreted frizzle-related protein 1 (Sfrp1) (He et al., 2006;
Katoh and Katoh, 2006). We examined the levels of Sfrp1 mRNA in
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Fig. 5. The nuclear localization of phosphorylated c-Jun requires
Smad4. Immunostaining for phosphorylated c-Jun (p-c-Jun, green) on
frontal eye sections from wild-type E15.0 (A), wild-type E15.5 (B),
Smad4CKO E15.0 (C) and Smad4CKO E15.5 (D) embryos. (A) In wild-type
eyelids, a small number of migrating periderm cells are present at
E15.0. Staining for p-c-Jun is present in the nuclei of these cells (inset).
(B) By E15.5, the number of periderm cells has increased and they have
begun to migrate over the cornea. Staining for p-c-Jun is present in the
nuclei of these cells (inset). (C) At E15.0, periderm cells in Smad4CKO
eyelids appeared similar in number to wild type. However, p-c-Jun
staining was restricted to the cytoplasm around the nuclei (inset). (D) At
E15.5, fewer periderm cells were present in Smad4CKO eyelids than in
wild type. Staining for p-c-Jun was weaker than in wild-type periderm
cells and was still restricted to the perinuclear cytoplasm (inset). Insets
show p-c-Jun staining without the nuclear counterstain (blue). Scale bar
in A: 100 μm.

wild-type, Fgfr2CKO and Smad4CKO eyelids. In wild-type eyelids,
Sfrp1 mRNA was expressed in the entire eyelid epithelium, with
strongest expression in the conjunctival epithelia (Fig. 8G).
Consistent with the effects of FGF and BMP signaling on TOPGAL
activity, Sfrp1 transcripts were undetectable in Fgfr2CKO eyelids
(Fig. 8H), but were present at normal levels in Smad4CKO eyelids
(Fig. 8I). Thus, FGF signaling suppresses Wnt signaling, at least in
part, through the activation of Sfrp1. However, the control of Sfrp1
expression by Fgfr2 is independent of BMP signaling.
Although the BMP-Smad pathway is not involved in suppressing
Wnt signaling, it appears to be required to suppress ectopic hair
follicle formation from the conjunctival epithelial cells at the inner
margin of the eyelid (Fig. 7C). In its absence, the uniform band of
Wnt signaling near the eyelid margin was replaced by a row of
eyelash follicles (Fig. 7C,F). These observations suggest that BMP
signaling maintains the pattern of Wnt pathway activity required for
the differentiation of the Meibomian gland progenitor cells at the
inner margins of the eyelids.
BMP signaling suppresses the differentiation of
conjunctival epithelial cells prior to eyelid closure
and specifies conjunctival epithelial cell fate
The conjunctival epithelium in mice deficient in BMP signaling
developed features that were reminiscent of epidermis, including
keratinization and ectopic hair follicles. We, therefore, examined the
levels of the epithelial cell differentiation marker keratin 14 (K14) at
E15.0, before eyelid closure, and at E15.5, during closure. We also
stained for a specific epidermal differentiation marker, keratin 10
(K10), and a conjunctival epithelial differentiation marker, keratin 4
(K4), at E17.5, after eyelid closure. In wild-type mice, the conjunctival
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epithelium first expressed K14 at about the time of eyelid closure (Fig.
9A). However, in conjunctival epithelial cells deficient in BMP
signaling, expression of K14 was precocious (Fig. 9C), with the
mutant conjunctiva differentiating at the same time as the epidermis.
In wild-type E17.5 eyes, K10 is expressed by epidermis, and K4 is
expressed by conjunctiva (Fig. 9D,G). However, in Smad4CKO
conjunctival epithelium, we found ectopic K10 expression, with K4
staining detected only in a few residual cells (Fig. 9F,I), suggesting
that most mutant conjunctival cells transdifferentiated into epidermal
cells. Although conjunctival differentiation in Fgfr2CKO eyes was
premature, as determined by K14 expression (Fig. 9B), the
transdifferentiation of conjunctiva to epidermis was not evident,
because Fgfr2CKO conjunctiva did not express K10 (Fig. 9E,H). It
seems possible that residual BMP signaling in the Fgfr2CKO
conjunctiva maintained conjunctival cell fate, but was unable to
suppress the premature differentiation of this tissue.

FGF-regulated BMP signaling is required for the
nuclear localization of phosphorylated c-Jun and
the transcription of Foxc1 and Foxc2
The phosphorylation and function of c-Jun in the eyelid epithelium
depends, at least in part, on Smad-independent signaling by activin
β-B (Zhang et al., 2003). However, in Acvr1;Bmpr1aDCKO,
Smad1/5DCKO and Smad4CKO eyelids, c-Jun appeared to be more
weakly phosphorylated than in wild type and failed to translocate
into the nuclei of periderm cells. Previous studies showed that
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Fig. 6. Signaling from Fgfr2 promotes Bmp4, patched 1
expression and BMP signaling in the eyelid. (A-C) In situ
hybridization for Bmp4 transcripts at E15.5 in frontal eye sections
from wild-type upper and lower eyelids (A) and Fgfr2CKO upper (B)
and lower (C) eyelids. (A) In the wild-type eyelids, Bmp4 transcripts
were present in a cluster of mesenchyme cells underlying the
palpebral conjunctiva (arrows) and the palpebral epidermis
(arrowhead). (B) In the upper eyelids of Fgfr2CKO mice, Bmp4
transcripts were detected in the mesenchyme underlying the
palpebral conjunctiva (arrow), but not in the mesenchyme underlying
the palpebral epidermis (arrowhead). (C) In the lower eyelids of
Fgfr2CKO mice, Bmp4 transcripts were not detected in the
mesenchyme underlying the palpebral conjunctiva (arrow). (D-F) In
situ hybridization for Ptch1 transcripts in frontal eye sections from
wild-type (D), Fgfr2CKO (E) and Smad4CKO (F) eyelids. In wild-type (D)
and Smad4CKO eyelids (F), Ptch1 transcripts were present in clusters
of mesenchyme cells and the overlying palpebral conjunctiva (arrows)
and palpebral epidermis (arrowhead). (E) In the upper eyelids of
Fgfr2CKO mice, Ptch1 transcripts were decreased in the mesenchyme
and the overlying palpebral conjunctiva (arrow), and were barely
detectable in the mesenchyme and the overlying palpebral epidermis
(arrowhead). In the lower eyelids of Fgfr2CKO mice, Ptch1 transcripts
were undetectable in the mesenchyme and the overlying palpebral
conjunctiva (arrow). (G-J) Immunostaining for phosphorylated
Smad1/5/8 (pSmad1/5/8) in frontal eye sections from wild-type upper
(G), wild-type lower (H), Fgfr2CKO upper (I) and Fgfr2CKO lower (J)
eyelids. (G) In the wild-type upper eyelid, nuclear pSmad1/5/8
staining was seen in the eyelid mesenchyme, the overlying palpebral
conjunctiva (arrow), the palpebral epidermis (arrowhead) and the
periderm (asterisk). (H) In the wild-type lower eyelid, pSmad1/5/8
staining was seen in the eyelid mesenchyme, the overlying palpebral
conjunctiva (arrow) and the periderm (asterisk). (I) In the upper eyelid
of Fgfr2CKO embryos, pSmad1/5/8 staining was reduced in the
palpebral conjunctiva (arrow) and greatly reduced in the palpebral
epidermis (arrowhead). (J) In the Fgfr2CKO lower eyelid, pSmad1/5/8
staining was greatly reduced in the palpebral conjunctiva (arrow). ul,
upper eyelid; ll, lower eyelid. Scale bars: 100 μm.

DISCUSSION
Smad-dependent BMP signaling is required for
eyelid closure
Conditional deletion of the genes encoding two of the three type I
BMP receptors, two of the three BMP-associated R-Smads or the
co-Smad Smad4 in the eyelid epithelia resulted in an EOB
phenotype, precocious conjunctival epithelial differentiation and the
transdifferentiation of conjunctiva to epidermis, including ectopic
eyelash follicle formation and epidermis-specific keratin expression.
Although activin signaling is important for eyelid closure, a previous
investigation indicated that activin β-B signals are transduced to cJun by MEKK1 and JNK, not through the canonical Smad pathway
(Zhang et al., 2003). Our results are consistent with this
interpretation, as deletion of the activin/TGFβ-stimulated R-Smads
Smad2 and Smad3 did not cause an EOB phenotype. Deletion of the
TGFβ type II receptor also did not show an eyelid phenotype,
indicating that the Smad4 phenotype was due to defects in signaling
through the canonical BMP pathway, and not in another of the TGFβ
superfamily pathways that share Smad4 function.
The EOB phenotype in eyelids lacking epithelial BMP receptors
and BMP-activated R-Smads is consistent with the results of
Bmpr1a deletion using a K14-Cre transgene (Andl et al., 2004) and
the overexpression of the inhibitory Smad Smad7 using the bovine
K5 promoter (He et al., 2002). The inability of K14-driven noggin
overexpression to cause EOB may be due to the late expression of
K14 in the conjunctiva, just as eyelid closure is occurring, giving
insufficient time for noggin to prevent the activation of BMP
receptors. EOB in mice deficient in BMP signaling was not due to
decreased cell proliferation or increased cell death in the palpebral
epithelia. On the contrary, increased cell proliferation was found in
the conjunctival epithelia, consistent with the hyperplasia observed
in the BMP receptor knockouts or when Smad7 is driven by the K14
promoter (Andl et al., 2004; He et al., 2002). Thus, BMPs normally
inhibit the proliferation and differentiation of the conjunctival
epithelium, and specify conjunctival epithelial cell fate.

Fig. 7. The activity of the canonical Wnt pathway in the eyelid is
modified in different ways by FGF and BMP signaling.
(A-C) Whole-mount X-gal staining from the TOPGAL reporter in wildtype (A), Fgfr2CKO (B) and Smad4CKO (C) eyelids at E15.5. (D-F) Frontal
sections of the eyes shown in A-C. (A) A prominent band of Wnt
activity is present in the upper (black arrow) and a weaker band in the
lower eyelid margins (red arrow) of wild-type eyes. Wnt activity is also
present in eyelash follicles (arrowhead) and in epidermal hair follicles.
(B) Wnt activity is uniformly increased in the upper and lower eyelids of
Fgfr2CKO mice (black arrows) and is present in epidermal hair follicles
(arrowhead). (C) Wnt activity is present in the epidermal hair follicles
(arrowhead) and in ectopic patches in the upper and lower eyelids of
Smad4CKO mice (black arrows). (D) Frontal sections reveal that Wnt
activity is located near the anterior edge of the palpebral conjunctiva of
wild-type eyelids (arrow). (E) In Fgfr2CKO eyelids, Wnt activity expands
into the palpebral conjunctiva (arrows). (F) In Smad4CKO eyelids, Wnt
activity is present in ectopic hair follicles (arrow), corresponding to the
location of the band of cells with high Wnt activity in the wild-type
palpebral conjunctiva. Scale bars: 100 μm.

Smads can bind to c-Jun when it is not associated with DNA, that cJun is phosphorylated after treatment of cells with TGFβ and that
Smad-c-Jun complexes promote AP-1-dependent transcription
(Liberati et al., 1999; Qing et al., 2000; Verrecchia et al., 2001;
Zhang et al., 1998). Our data suggest that BMPs, acting through the
canonical R-Smad/Smad4 pathway, cooperate with activin β-B to
promote maximal phosphorylation of c-Jun, and that association
with the R-Smad/Smad4 complex mediates the translocation of
phosphorylated c-Jun to the nucleus. To our knowledge, this is the
first report suggesting that activated Smads are required for the
nuclear translocation of c-Jun. Further studies are required to
determine whether this function of BMP signaling is important in
other examples of epithelial fusion, such as closure of the neural tube
and ventral closure of the optic cup, for which proper function of the
JNK pathway is essential (Xia and Karin, 2004).
BMP signaling was required for the accumulation of Foxc1 and
Foxc2, transcription factors shown in previous studies to be required
for eyelid closure (Kidson et al., 1999; Kume et al., 1998; Smith et
al., 2000). Foxc1 and Foxc2 are also expressed in periocular
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Fig. 8. The effects of FGF and BMP signaling on Dkk2 and Sfrp1
expression in the eyelid. (A-C) In situ hybridization for Dkk2
transcripts in frontal sections from wild-type (A), Fgfr2CKO (B) and
Smad4CKO (C) embryos at E15.5. (A) Dkk2 transcript levels (blue) were
strong in the eyelid epidermis, bulbar conjunctiva and corneal stroma,
with weaker staining in the palpebral conjunctiva, periderm and
mesenchyme in wild type. A sense probe control is shown in the inset.
(B,C) No significant change in Dkk2 mRNA level was detected in
Fgfr2CKO (B) and Smad4CKO (C) embryos at E15.5. (D-F) Immunostaining
for DKK2 protein in frontal eye sections from wild-type (D), Fgfr2CKO (E)
and Smad4CKO (F) embryos at E15.5. DKK2 protein in wild-type and
CKO embryos was similar to the in situ hybridization results. (G-I) In situ
hybridization for Sfrp1 transcripts in frontal sections from wild-type (G),
Fgfr2CKO (H) and Smad4CKO (I) eyelids. In wild-type (G) and Smad4CKO (I)
eyelids, Sfrp1 transcripts were present in the conjunctiva (asterisks),
retina, retinal pigment epithelium and lens. In Fgfr2CKO embryos (H),
Sfrp1 transcripts were readily detected in the retina, retinal pigment
epithelium and lens, with low levels in the conjunctiva and palpebral
epithelium. Scale bars: 100 μm.

mesenchyme (Gage et al., 2005) and limb bud mesenchyme (Nifuji
et al., 2001), and treatment with Bmp4 and Bmp7 increases the
transcription of Foxc2 in limb bud mesenchyme in organ culture
(Nifuji et al., 2001). The function of Foxc1 and Foxc2 in eyelid
closure is not clear. However, it has been shown that Foxc1 and
Foxc2 control somitogenesis by regulating Notch signaling (Kume
et al., 2001). Foxc transcription factors also directly stimulate the
production of the Notch ligand Dll4, to activate Hey2 accumulation
in vascular endothelial cells (Hayashi and Kume, 2008). In
experiments undertaken for another study, we found that deletion in
the surface ectoderm of the presenilins Psen1 and Psen2 resulted in
an EOB phenotype (see Fig. S1 in the supplementary material).
Because, in most tissues, presenilin activity is required for Notch
activation, Foxc1 and Foxc2 might promote Notch signaling during
eyelid closure. However, the presenilins are also required for the
activity of other transmembrane proteins. For this reason, the
function of Notch signaling in eyelid closure requires further
exploration.
BMPs do not mediate all effects of FGF signaling
in eyelid development
Although the functions of BMPs that were identified in this study were
dependent on Fgfr2, BMPs do not mediate all effects of FGF signaling
in eyelid development. Fgfr2 is required in the palpebral ectoderm to
suppress Wnt signaling, at least in part by inducing the Wnt antagonist
Sfrp1. Loss of BMP signaling does not affect the expression of Sfrp1.
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Fig. 9. Abnormal eyelid epithelial differentiation in Fgfr2CKO and
Smad4CKO mice. (A-C) Immunostaining for keratin 14 (K14) in frontal
sections from wild-type (A), Fgfr2CKO (B) and Smad4CKO (C) embryos at
E15.0. In wild-type eyelids (A), K14 staining was weak in the palpebral
conjunctiva and was not detected in the bulbar conjunctiva (arrows). In
Fgfr2CKO (B) and Smad4CKO (C) eyelids, K14 staining was strong and
uniform in the palpebral and bulbar conjunctiva (arrows).
(D-F) Immunostaining for keratin 10 (K10) in frontal sections from wild
type (D), Fgfr2CKO (E) and Smad4CKO (F) embryos at E17.5. In wild-type
eyelids (D), K10 staining is observed only in the epidermis; it is negative
in the conjunctiva (arrow). In Fgfr2CKO (E), K10 is found in epidermis
and a few cells of the palpebral conjunctiva, although the majority of
conjunctival cells do not express K10 (arrow). In Smad4CKO (F), K10 is
detected in the epidermis and in the majority of conjunctival cells
(arrow). (G-I) Immunostaining for keratin 4 (K4) in frontal sections from
wild-type (G), Fgfr2CKO (H) and Smad4CKO (I) embryos at E17.5. In wildtype eyelids (G), expression of K4 is continuous in the conjunctiva
(arrow). In Fgfr2CKO (H), K4 is found in most conjunctival cells (arrow).
In Smad4CKO (I), K4 is only detected in a few conjunctival cells; most
conjunctival cells do not express K4 (arrow). Scale bars: 100 μm.

This arm of the FGF signaling pathway might involve Shh, as
expression of Shh in the eyelid is modulated by Fgf10 (Tao et al.,
2005), and the expression of Ptch1, an Shh receptor that is a direct
target of Shh signaling, was greatly decreased in the lid ectoderm and
the underlying mesenchyme in eyelids lacking Fgfr2 in the ectoderm.
Wnt signaling must be suppressed in the palpebral epithelia to
effect eyelid closure (Gage et al., 2008) (this study). However, a
band of Wnt signaling activity is normally present in the palpebral
conjunctiva near the margins of the upper and lower eyelids. These
cells appear to include the precursors of the Meibomian glands.
BMP signaling is required to maintain this domain of Wnt signaling
and Meibomian gland cell fate (Plikus et al., 2004) (this study).
Thus, FGF signaling is required to suppress Wnt signaling and
promote BMP signaling, yet BMPs maintain local Wnt signaling in
the Meibomian gland precursor cells. The factors that specify the
location and extent of BMP and Wnt signaling in Meibomian gland
formation remain to be studied.
Mice deficient in BMP signaling provide a model
for the human disease distichiasis
In mice deficient in BMP signaling, conjunctival epithelial cells in
both eyelids formed an extra row of eyelashes, a characteristic called
distichiasis. This phenotype is similar to that of mice that
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overexpress noggin in the ectoderm, in which ectopic eyelashes are
formed at the expense of the Meibomian glands (Plikus et al., 2004).
Human distichiasis syndrome is characterized by the presence of an
aberrant second row of eyelashes in place of the Meibomian glands
(Fox, 1962). As a consequence, patients have Meibomian gland
dysfunction, corneal irritation, conjunctivitis and photophobia. Most
families presenting with distichiasis have lymphedema in common,
or lymphedema-distichiasis (LD) syndrome (OMIM 153400). LD
syndrome is an autosomal dominant disease caused by mutations
in FOXC2. Foxc2 heterozygous mice mimic LD syndrome,
demonstrating distichiasis and hyperplasia of lymphatic vessels and
lymph nodes (Kriederman et al., 2003). The distichiasis seen in our
studies is consistent with a dependence of Foxc2 expression on BMP
signaling.
Dkk2-null mice also develop distichiasis, with decreased Foxc2
expression in the eyelids (Gage et al., 2008). Dkk2 expression is
promoted by the transcription factor Pitx2, which functions in the
neural crest-derived eyelid mesenchyme. Surprisingly, we detected
Dkk2 mRNA and protein in the eyelid epithelia and in the
mesenchyme. This observation suggests that another pathway
regulates Dkk2 expression in the ectoderm. Excessive Wnt
signaling, whether resulting from defects in the Pitx2rDkk2
pathway (Gage et al., 2008), or the Fgf10rFgfr2rSfrp1 pathway,
appears to be sufficient to suppress Foxc2 expression, prevent eyelid
closure and cause distichiasis. Because loss of BMP signaling also
leads to distichiasis, it seems possible that excessive Wnt pathway
activity inhibits Bmp4 expression in the eyelid mesenchyme or the
function of the BMP pathway in the conjunctival epithelium. These
possibilities remain to be tested.
BMP signaling is required for normal conjunctival
epithelial cell fate
Different temporal and spatial expression of keratin intermediate
filaments is an important aspect of the differentiation and function
of many epithelia (Kurpakus et al., 1994). In wild-type eyelids, the
palpebral epidermis expresses K14 before eyelid closure, whereas
the conjunctival epithelia begin expressing K14 as the eyelids close.
However, in mice deficient in BMP signaling, the conjunctival
epithelium expressed K14 at the same time as the epidermis. In
addition, conjunctival cells expressed K10, which is normally
restricted to the epidermis, and K4 expression was reduced. Together
with the transdifferentiation of the Meibomian gland precursor cells
to hair follicles, these observations suggest that BMP signaling
normally prevents conjunctival cells from adopting the epidermal
cell fate (Fig. 10A).
The cross-talk between FGF and BMP signaling
may be mediated by Shh
Previous studies and the results described here reveal complex
epithelial-mesenchymal interactions in eyelid development.
Activation of Fgfr2 in the surface ectoderm by Fgf10 from the
underlying mesenchyme (Tao et al., 2005) is required for the localized
expression of Bmp4 in the palpebral mesenchyme. The signal from
the epithelium that promotes Bmp4 expression in the mesenchyme is
likely to be Shh, as Shh is expressed in the eyelid margin from E13.5
and active Shh signaling (indicated by Ptch1 expression) has an
expression pattern similar to that of Bmp4 in the wild-type eyelid.
Moreover, the pattern of residual Shh signaling in the Fgfr2CKO eyelid
is similar to the pattern of residual Bmp4 expression. These
observations, together with the fact that preventing BMP signaling did
not alter Shh function, suggested that Shh mediates the Fgfr2dependent cross-talk between epithelium and mesenchyme.
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The signaling pathways involved in eyelid closure
In addition to the functions of the FGF, BMP, Shh and Wnt pathways
examined in this study, germline deletion showed that activin β-B,
TGFα, HB-EGF and the EGF receptor are each required for eyelid
closure (Luetteke et al., 1994; Luetteke et al., 1993; Miettinen et al.,
1995; Vassalli et al., 1994). Notch signaling might also be involved
(see Fig. S1 in the supplementary material). The pathways activated
by these morphogens interact in a remarkably complex web to
assure the proper migration and fusion of a small population of
periderm cells (Fig. 10B). Further studies are needed to fully define
the functions and interactions of these pathways. Such studies will
provide a more complete understanding of eyelid fusion and,
perhaps, other morphogenetic events that depend on epithelial
fusion, such as closure of the neural tube, the optic fissure, the lens
vesicle and the palatal shelves.
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Fig. 10. Summary of the role of BMP signaling and its interaction
with the other signaling pathways known or proposed to
function in mouse eyelid development. (A) In eyelids that are
deficient in BMP signaling, the conjunctival epithelial cells express
epidermis-specific keratin 10 and form hair follicles near that lid
margin. (B) The network of known or proposed signaling pathways
controlling eyelid development. Observations made in this study are
indicated by blue arrows, previous findings by orange arrows and
findings confirmed in this study by green arrows. Our model suggests
that epidermal cell fate is the default pathway and that BMP signaling
is required for prospective conjunctival epithelial cells to suppress the
epidermal differentiation pathway and become conjunctival cells. BMP
signaling is not required to initiate the migration of periderm cells at
the lid margins, but is required for the expansion of these cells across
the corneal surface. During this process, BMP signaling is required for
the expression of Foxc1 and Foxc2, and for the full activation
(phosphorylation) of c-Jun. BMP-dependent formation of active RSmad-Smad4 complexes is required for the translocation of p-c-Jun into
the nuclei of periderm cells, where it has been reported to increase the
expression of the epidermal growth factor receptor.

Bmp4 signals to the overlying ectoderm, as demonstrated by the
phosphorylation of the BMP-dependent R-Smads in the eyelid
epithelia. Phosphorylated R-Smads are also seen in the
mesenchyme, suggesting that BMPs may affect additional targets
there. In an additional level of complexity, the Bmp4 and Ptch1
expression patterns and Wnt activity were of different magnitude
and location in the upper and lower eyelids, and Bmp4 and Ptch1
expression were differentially affected in the upper and lower
eyelids by deletion of Fgfr2.
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